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Figure 7. DNA methylation and expression. (A) All probes are grouped by their average methylation ratios and their expression levels are
indicated as average+standard error of mean. Expression levels are described as normalized values in log scale. (B) Expression levels of
hypermethylated (red) and hypomethylated (blue) genes in astrocytes. Expression levels are indicated as average+standard error of mean.
doi:10.1371/joumnal.pone.0003189.g007
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astrocyte-specific genes are epigenetically controlled only via
STAT binding site methylation.

Bone morphogenetic proteins (BMPs) also use STATs to
activate the expression of astrocyte marker genes via the
association between STATs and the transactivating complex
composed of the MBP-activated signaling factors Smadl and
P300/CBP [33,34]. Therefore, we also searched for conserved
SMADs-binding sites in the genes hypomethylated both in
E14.5NPCs and astrocytes compared to E11.5 NPCs. We found
methylation sensitive SMAD-binding sites in 6 genes; however,
only Aldoc was conserved between mouse and human (Fig. 8)
Bisulfite sequencing analysis of this SMAD sites reveals demeth-
ylation in E14.5 NPCs and astrocytes (Fig. 3B).

We could not find methylation-sensitive binding sites for
transcription factor except for Gfap and Aldoc. Effective activation
of demethylated genes in EI4.5 NPCs probably requires
cooperation with other transcription factors, which are activated
in astrocyte differentiation.

Overrepresented genes with methylation changes
Overrepresented and underrepresented categories of genes were
searched in hypomethylated and hypermethylated genes. These
genes were first classified into lists using PANTHER classification
categories (http://www.pantherdb.org/tools/compare ToRefList-
Form jsp). Each list was then compared to the reference list using
the binomial test [35] for each molecular function, biological
process, or pathway term in PANTHER. Unexpectedly, there was
no significant overrepresentation and underrepresentation in
hypomethylated genes in E145 NPCs and in astrocytes
(P=0.01). On the other hand, biological process categories such
as “mRNA transcription regulation”, “developmental processes”,
“mRNA  transcription”, “neurogenesis”, “ectoderm develop-
ment”, “nucleoside, nucleotide and nucleic acids metabolism”
were overrepresented among hypermethylated genes in astrocytes
(P=0.01, Table 1). A molecular function category, “transcription
factor”, was also overrepresented among hypermethylated genes
in astrocytes (P=0.01, Table 1). It is reasonable that develop-
mental genes are shut off by DNA methylation in terminally
differentiated cells. A large part of developmental genes consists of
the wanscription factor; therefore, it is also reasonable that a
category related to transcription factor such as “mRNA transcrip-
tion regulation” is overrepresented in hypermethylated genes. It is
interesting to know that the pathway category, “Notch signaling
pathway”, is overrepresented 9-fold more than expected among

Table 1. Overrepresented category of hypermethylated
genes in astrocytes.

Biological Process Obs/Exp P-value

Mma transcription regulation 37 1.30E-10
Developmental processes 28 1.35€-10
Mma transcription 29 4.32€-08
Neurogenesis 3s 4.67E-04
Endoderm development 32 5.93E-04
Nucleoside, nucleotide and nucleic acid metabolism 1.8 3.19€-03
Obs/
Molecular Function Exp P-value
Transcription factor 29 429E-09

doi:10.1371/journal.pone.0003189.1001
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hypermethylated genes in astrocytes, although it is not statistically
significant (P=0.03). These genes include DIll, Hesl, Hes3, Hy2,
and Neor2 (Table 2). The Notch signaling pathway has been shown
to be important in astrocyte differentiation [36]. Inactivation of
developmental and transcriptional factor genes by DNA methyl-
aton is one of the important aspects of differentiation. For
example, inactivation of transcription factor genes, Oct3/4 (Pousfl)
and Nanog, by DNA methylation is important for early develop-
ment [6,7]. We also found that wanscription factor genes were
overrepresented among methylated genes in astrocytes. Regulation
by DNA methylation of transcription factor genes is an attractive
model to explain development and differentiation. Usually
differentiation is caused by transcription factors, which are also
regulated by upstream transcription factors. So what is the most
upstream regulator? One answer is that the most upstream
regulator is epigenetic change.

In conclusion, we suggested in this study that many astrocyte-
specific genes are demethylated in common in late-stage NPCs,
enabling cells to become competent before astrocyte differentia-
tion. This means DNA demethylation rather than methylation is a
critical regulatory event in astrocyte differentation. We also
indicated that group of genes categorized as developmental and
transcription factor genes are shut off by DNA methylation in
terminally differentiated astrocytes.

Materials and Methods

Methylation profiling by MIAMI

The MIAMI method was performed using one microgram of
genomic DNA as previously described [16,17]. The complete experi-
mental procedure can be obtained at hup://gre.dept.med.gunma-u,
ac.jp/~gene/image/MIAMI%20Protocol %20V4.pdf. The micro-
array was the same as that used in our previous paper [17). A brief
description of the MIAMI method is as follows.

Changes in methylation were judged by using the difference in
methylation-sensitive Hpa 11 cleavage and methylaton-insensitive
Msp 1 cleavage between samples. To detect differences in
methylation-sensitive Hpa II cleavage, 0.5 microgram of genomic
DNA was digested with 40 units of Hpa II overnight in a 100-
microliter volume containing 33 mM Tris-acetate (pH7.9), 66 mM
KOAc, 10 mM MgOAc;, 0.5 mM DTT, and 0.01% BSA. The
adaptor was prepared by annealing two oligonucleotides, AG-
CACTCTCCAGCCTCTCACCGAG and CGCTCGGTGA. Af-
ter phenol extraction and ethanol precipitation, DNA was ligated to
the adaptor with 60 units of E coli DNA Ligase (Takara, Japan).
The first PCR was performed using 0.1 microgram of each ligation
mix as a template with a primer AGCACTCTCCAGCCTCT-
CACCGAG using GeneTaq DNA polymerase (Nippon Gene,
Japan). The reaction mixture was incubated for 5 min at 72°C and

Table 2. Hypermethylated genes in astrocytes belong to
Notch signaling pathway.

Gene Symbol Gene Name Probe Pos
Diin delta-like 1 1725

Hes1 hairy and enhancer of split 1 -2503
HesS hairy and enhancer of split 5 ~7260
Hey2 meznhmer-of—split related with YRPW _, 761
Ncor2 nuclear receptor co-repressor 2 ~5790

doi:10.1371/journal.pone.0003189.1002
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3min at 94°C and subjected to 5 cycles of amplification consisting of
10 sec denaturation at 94°C, 30 sec annealing at 70°C, 2.5 min
extension at 72°C. The final extension was lengthened to 9.5 min.
Amplified DNA was digested with Msp 1 by adding 35 units of the
enzyme directly to the solution. After 3-hour incubation, the
digested DNA was subjected to further amplification by a second
PCR. The condition was the same as in the first PCR except for the
number of cycles. The optimal sub-saturation cycle number was
adopted (usually 10 to 13 cydes). The PCR product was purified
with a MiniElute PCR purification Kit (Qiagen, USA). To detect of
differences in methylation-insensitive Msp I cleavage, 0.5 micro-
gram of genomic DNA was digested with 40 units of Msp I overnight
and subjected to the same procedure as for the amplification of
unmethylated DNA fragments.

Amplified Hpa Il-cleaved DNA fragments from two samples to
be compared were labeled with Cy3 and Cy5, respectively, as
described [37], and cohybridized to a microarray. All hybridiza-
tion procedures except for washing were according to the manual
of Agilent Technology (USA). Amplified Mip I-cleaved DNA
fragments from two samples to be compared were labeled with
Cy3 and Cy5, respeciively, and cohybridized to another micro-
array with the same probes.

We judged spots with methylation changes using two models;
one in which spots with methylaton changes had different values
for Hpa 11 and Msp 1 cleavage, and the other in which spots with
methylation changes had a large Hpa 11 cleavage difference (more
than 5) and a small Msp 1 cleavage difference (less than 2). The
reproducibility of the experiment was analyzed with 885
triplicated probes on each microarray and repeated experiments.

Bisulfite genomic analysis

Bisulfite treatment of genomic DNA was performed using a
CpGenome DNA modification kit (INTERGEN). Modified DNA
was amplified with the primers described in Table $3. For COBRA
analysis, the restriction enzymes are described in Table S3.

Expression microarray analysis

Expression microarray analysis was performed using the Agilent
mouse whole genome array and the procedure provided by Agilent
Technologies. A signal ratio of more than 2 with a P-value of less
than 0.01 was judged as upregulated. A signal ratio of less than 0.5
with a P-value of less than 0.01 was judged as downregularted.
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Animals and cell preparation

Time-pregnant ICR mice were used to prepare NPCs. The
experimental protocols described below were performed according
to the animal experimentation guidelines of Nara Institute of
Science and Technology. NPCs were prepared from telencephalons
of E11.5 and E14.5 mice and cultured as described previously [34].
Briefly, the telencephalons were triturated in Hank’s balanced salt
solution (HBSS) by mild pipetting with a 1-ml piper tip (Gilson).
Dissociated cells were cultured in N2-supplemented Dulbecco’s
Modified Eagle’s Medium with F12 (GIBCO) containing 10 ng/ml
basic FGF (R&D Systems) (N2/DMEM/F12/bFGF) on culture
dishes (Nunc) of a chamber slide (Nunc) which had been precoated
with poly-L-ornithine (Sigma) and fibronectin (Sigma). For primary
astrocyte cultures, the cerebral cortices of postnatal day 1 mice were
dissociated using trypsin (GIBCO), and cultred for two weeks in
DMEM containing 10% fetal calf serum.
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Periostin is essential for cardiac healing
after acute myocardial infarction
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Acute myocardial infarction (AMI) is a common and lethal heart disease, and the recruit-
ment of fibroblastic cells to the infarct region is essential for the cardiac healing process.
Although stiffness of the extracellular matrix in the infarct myocardium is associated

with cardiac healing, the molecular mechanism of cardiac healing is not fully understood.

We show that periostin, which is a matricellular protein, is important for the cardiac healing

process after AMI. The expression of periostin protein was abundant in the infarct border
of human and mouse hearts with AMI. We generated periostin~/~ mice and found no
morphologically abnormal cardiomyocyte phenotypes; however, after AMI, cardiac healing
was impaired in these mice, resulting in cardiac rupture as a consequence of reduced
myocardial stiffness caused by a reduced number of « smooth muscle actin—positive cells,
impaired collagen fibril formation, and decreased phosphorylation of FAK. These pheno-
types were rescued by gene transfer of a spliced form of periostin. Moreover, the inhibition
of FAK or av-integrin, which blocked the periostin-promoted cell migration, revealed that
av-integrin, FAK, and Akt are involved in periostin signaling. Our novel findings show the
effects of periostin on recruitment of activated fibroblasts through FAK-integrin signaling

CORRESPONDENCE

Akira Kudo:

akudo@bio titech.ac.jp

and on their collagen fibril formation specific to healing after AMI.

Periostin, which s an extracellular marrix (ECM)
molecule of the fasciclin family, acts in cell adhe-
sion, migration, and growth in vitro (1-6). In
the heart, periostin 1s expressed at very early
stages of embryogenesis; however, it is not de-
tected in the normal adult myocardium, except
in the valves (7, 8) and in the case of various heart
diseases (9-12).

The early cardiac healing process after acute
myocardial infarction (AMI) can be divided into
two successive phases: the inflammatory phase
and the scar formation phase. In the inflamma-
tory phase, monocytes and lymphocytes infiltrate
into the necrotic myocardium, whereas in the
scar formation phase, activated interstitial or
circulating fibroblasts increase their motility
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and migrate into the lesion. The activation of

TGFp is important for regulation of this latter
process. Myofibroblasts expressing « smooth
muscle actin (aSMA) induced by TGFB are
specialized fibroblasts that share characteristics
with smooth muscle cells (SMCs). They play an
important role in wound healing by synthesiz-
ing ECM and exerting strong contraction forces
to mininuze wound areas (13—16). Regarding the
inflammatory phase, recent knockout mouse
studies indicated a positive association of in-
flammatory factors with cardiac rupture or di-
lation (17-23). However, in the scar formation
phase, molecular analysis has been scant, except
in respect to TGFB. To answer two important
questions for both cardiologists and basic scien-
tists who are interested in pathological myocar-
dial healing, 1.e.,
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the scar phase of an ischemic injury?” and *“what is the nature
of the factors responsible for the ventricular healing process af-
ter AMI?,” we focused on periostin, which is a TGFB-respond-
ing factor (1).

RESULTS AND DISCUSSION

To assess the importance of periostin in the cardiac healing
process, we examined the expression of human periostin pro-
tein in the myocardial tissue of the left ventricle (LV). No ex-
pression of it was observed in the normal myocardium (Fig, 1 A),
whereas immunoreactivity indicating periostin was detected in
Azan-stained myocardial fibrous areas from a patient with AMI
(Fig. 1, B and C), thus suggesting that periostin expression was
induced in the infarct regions after AMI. In the fibrous area,
strong immunoreactivity of periostin was observed around car-
diac fibroblasts expressing av-integrin, which is reported to be
a receptor for periostin (Fig. 1 C) (2, 6). Next, we examined
the expression of periostin in mice after AMI caused by left

A

anterior descending artery (LAD) ligation (24). Periostin pro-
tein was not observed up to day 2, but became detectable at
day 3 in the areas showing inflammatory infiltration (Fig. 1 D).
This expression in the infarct LV increased significantly at day 4,
and was still present at day 28 (Fig. 1 D and not depicted).
To identify the cells producing periostin, we performed RNA
in situ hybridization to detect periostin mRNA in the infarct LV
wall of mice. Periostin mRINA was mainly expressed in fibroblasts
in both the infarct and noninfarct regions after AMI (Fig. 1 E).
To confirm the periostin expression in cardiac fibroblasts,
we performed RT-PCR analysis on purified cardiac cells, and
these results showed the expression to be mainly in cardiac
fibroblasts, but not in cardiomyocytes (Fig. S1, available at
http://www jem.org/cgi/ content/ full/jem.20071297/DC1).
Furthermore, these fibroblasts were positive for av-integrin, as
indicated by flow cytometry using cultured cardiac cells (Fig. S1).
The mRNA of Big-h3, another fasciclin family member, which is
also expressed in the embryonic heart (25), was not observed in

)
o — ——
'

Periostia

Figure 1. Periostin expression is induced after myocardial ischemia. (A-C) Detection of periostin in myocardium from human patients. LV tissue
from a patient with alcoholic cirrhosis (A) and from a patient with AMI (B and C). As seen by immunostaining, periostin protein was detected (B, right) in
the myocardial area, which was shown to be fibrous by Azan staining (B, left). Arrowheads in B indicate endocardium. (C) Comparison of the expression
pattern between periostin (left) and av-integrin (right) in the fibrous area. (D-F) Periostin is up-regulated after AMI in mice. (D) Immunostaining of
periostin after AML. (E) Expression of periostin (top) and B ig-h3 mRNA {bottom) in the infarct LV wall of mice was analyzed by in situ hybridization.

The dashed red line shows the infarct border. (F) Expression of spliced variant forms of periostin at various times after AMI. Periostin AbAe is indicated by

the asterisk. Bars: (A) 25 pum; (B) 2 mm:; (C-E) 50 pm.
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the same regions (Fig. 1 E), thus suggesting the AMI-induced ex-
pression of fasciclin farnily molecules to be specific to periostin.

Because we previously reported that several periostin tran-
scripts exist in human and mouse, caused by alternative splic-
ing at a 3’ site (1), we examined the expression of the splice
variants in a time course experiment by RT-PCR analysis using
three combinations of specific primers (Fig. 1 F). We observed
four different isoforms, i.e., Ab (deletion of b domain), Ae
(deletion of e domain), AbAe (deletion of b and e domains),
and Full (full-length), and we found that the pattern of splic-
ing depended on the time after AMI. Interestingly, one specific
spliced form, AbAe (Fig. 1 F, asterisk), was dominantly found as
the lowest electrophoretic band in the initial stages (3, 4, and 5 d
after AMI), indicating the involvement of AbAe periostin in
the early healing stage of damaged tissues. By 28 d, all 4 iso-
forms were equally expressed. We also confirmed the expression
of these isoforms at the protein level, and found the proteolytc
modification of periostin during infarct healing (Fig. S1).

To ivestigate the role of periostin in AMI, we generated
periostin~’~ mice combined with Cre recombination (Fig. 2 A
and Fig. S2, available at http://www.jem.org/cgi/content/
full/jem.20071297/DC1). The embryogenesis of periostin™'~
mice was apparently normal: and after the birth, the mice ap-
peared to be healthy. The observation of periostin in the de-
veloping heart prompted us to thoroughly investigate the heart
structure and function in the periostin™’~ mice; however, no
cardiomyocyte abnormalities were found in the myocardium,
valve function, pulsation, or blood pressure in the 10-wk-old
mice (Fig. S2 and not depicted), which is consistent with no
significant expression in the adult myocardium. We then sub-
jected periostin™’~ mice to AMI by LAD ligaton. There was
no significant difference in body weight or heart rate among
“/7, %7 and *"* in the normal control condition or after the
AMI (Fig. S2, Table S1, and not depicted); moreover, there
was no difference in infarct size between the perostin*’* and
=/~ mice after AMI (Table S1). However, the survival rate of
periostin~/~ mice after AMI was significantly lower than that
of *'* mice (17.58 vs. 53.76% at day 10; P < 0.0001; Fig. 2 B),
whereas this rate of periostin®/~ mice (55%) after AMI was similar
to that of */* mice. The incidence of mortality in periostin™'~
mice, mainly caused by cardiac rupture, which occurred within
7 d, was significantly higher (P < 0.001) than that of *"* mice:
62/91 (68.1%) in =/~ versus 25/80 (31.3%) in */* (Fig. 3 C),
whereas this frequency of ¥~ mice 6/20 (30%) was similar to
that of */* mice. Thereafter, these survival rates reached a pla-
teau from 8 d up to 4 wk after AMI (unpublished data). To test
whether the increased rate of cardiac rupture was caused by
abnormal LV wall stiffness, we analyzed the rupture threshold
stiffness of the LVs of perfostin™'~ and */* mice 4 d after AMI
by conducting an LV distending pressure/rupture threshold
study (18). Myocardial tearing was found at the infarct border
in all the ruptured LVs, and the mean of the maximum rup-
ture pressure was significantly lower in periostin™'~ mice than
in */* mice after AM1 (312.7 £ 3.2 mmHgin =/~ vs. 374.3 £
5.8 mmHg in **; P = 0.0008; n = 5), and the mean passive
stiffness was akso significandy lower in =/~ mice than in */* mice
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after AMI (50.26 + 2.13 mmHg/100 pul in =~ vs. 65.08 £ 2.55
mmHg/100 pl in **; P = 0.001 ; n = 5; Fig. 2 C). In contrast,
no significant difference was observed between *'* control
noninfarct mice and periostin™/~ control noninfarct mice
(maximum rupture pressure was 544.0 + 6.93 mmHg in =/~ vs.
552.7 £ 7.86 mmHg in **; P = 0.4546; n = 5; mean passive
stiffness was 87.07 * 4.41 mmHg/100 pl in =/~ vs. 88.85 *
3.14 mmHg/ 100 pl in */*; P = (.5985; n = 5). These biome-
chanical data indicate that both rupture threshold and passive
stiffness in the LV of the periostin™ '~ infarcted mice were signifi-
cantly lower than those of the */* mice after AMI, suggesting that
the periostin™ ™ infarct LV wall was more susceptible to cardiac
rupture by mechanical stress. Although periostin deficiency
did not affect heart structure, the circulatory system, or cardiac
performance under physiological conditions, periostin induced
in the infarct myocardium appears to play a pivotal role in the
healing process after AMI.

To confirm the histomorphological stiffness of the wall in
periostin™’~ mice just escaping from rupture, we performed
echocardiography 7 d after AMI, in addition to 1 d for heart
tissue evaluation and 28 d for the analysis of chronic cardiac
pathophysiology after AMI (Fig. 2 D and Table S1). Echo-
cardiographic measurements made 7 d after AMI showed de-
creases in left ventricular end-diastolic dimension (LVEDD)
and left ventricular end-systolic dimension (LVESD) in peri-
ostin™’~ mice (n = 10), as compared with these parameters
for */* mice (n = 15; LVEDD and LVESD values for™'~ were
89.0 and 84.4%, respectively, of those for *'*). These results
demonstrate that the absence of periostin attenuated ventricular
remodeling after AMI. To further examine tissue stiffness
histologically, we performed toluidine blue staining, immuno-
fluorescence analysis using anti—collagen I, -fibronectin, and
-vimentin antibodies, and transmission electron microscopic
(TEM) observation of sections prepared from periostin®’™ and
=/~ mice 5 d after AMI. The results showed a lower number of
cardiac fibroblasts, along with sparser pericellular ECM density
in the periostin™'~ mice than in the */* mice (Fig. 2, E and F);
indeed, the number of vimentin-positive cardiac fibroblasts
was decreased in the infarct region of periostin™'~ mice 5 d af-
ter AMI (7,655 % 148 cells/mm® in */* vs. 6,913 £ 297 cells/
mm?in ~/7; n = 6; P < 0.02; Fig. 2 C). Furthermore, reduced
collagen I and fibronectin immunoreactivity was observed in
the infarct border of the =/~ mice (Fig. 2 F and Fig. $3, available
at hup://www jem.org/cgi/content/full /jem.20071297/DC1),
and the collagen fiber cross-sectional area (CSA) in the in-
farct border of periostin™'~ mice was significantly smaller and
more uniform than that of *'* mice 5 d after AMI (CSA of
1,014.642 + 17.546 nm? for the =/~ and 2,233.780 £ 25.731
nm? for the *'*; n = 6; P < 0.001, respectively; Fig. 2 G).
To confirm whether periostin deficiency affected the bio-
chemical property of collagen after AMI, we evaluated the
amount of collagen (hydroxyproline concentration, percentage
of tissue dry weight) and nonreducible mature cross-links
(mol pyndinoline per mol collagen) in the infarct zone 4 d after
AMI. We detected a significant decrease in the collagen cross-
linking in the periostin™~ mice, compared with the *** mice
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Figure 2. Cardiac rupture after AMI is caused by periostin disruption. (A) Schema of the targeting strategy deletes the first exon of periostin locus
(B) Decreased survival of periostin™'= mice (n = 91) compared with the survival of ** mice (n = 80) after AMI. **, P < 0.0001. (C) Infarct LV wall stiffness
was more reduced in periostin™!/~ mice than in */* mice after AMI (left). Mean passive stiffness was also significantly lower in the =/~ mice than in the
+* mice after AMI (right). Open columns, */*; filled columns, =/~ **, P < 0.005, compared with ** mice. (D) Loss of periostin attenuated cardiac dilation after
AMI, as shown by echocardiography. Open columns, *; filled columns, =/~ *, P < 0.05 compared with ** mice. (E) Histological analysis of heart sections
from periostin~/= and */* mice stained with toluidine blue 5 d after AMI, showing a lower number of cardiac fibroblasts and lower ECM density in =/~ mice.
{right] The number of vimentin-positive cells. *, P < 0.02, compared with */* mice. (F) Images of the infarct border stained with anti-col agen | (left}, and
TEM images of infarct border, showing evidence of smaller and less abundant collagen in tissues from periostin~'~ mice 5 d after AMI compared with the
collagen of the */* infarct heart. Bar, 50 pum. (G) CSA distribution of collagen fibrils in the infarct border of ** and ~/~ mice, measured from TEM images.
(H) Biochemical analysis of the collagen amount and cross-linking. *, P < 0.05; **, P < 0.01, compared with */* mice. (1) The number of aSMA-positive
cells in the infarct area was reduced in periostin™'~ mice 5 d after AMI. {right) The number of aSMA-positive cells. **, P < 0.01, compared with ** mice.
Error bars represent the mean + the SEM. Bars, 200 um
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(1555 £ 0.461in /", n=4,vs. 6433 £ 0919 in**, n=7;
P = 0.0043; Fig. 2 H). Moreover, the periostin™’~ infarct LV
tissue exhibited 52.9% less collagen content compared with
the */* dssue (7.832 + 2.241% in ~/~, n = 4, vs. 14.795
1.565% in *'*, n = 7; P = 0.0283; Fig. 2 H). In normal heart
tssues from mice of either genotype, the collagen amount
was under the detection level by our methods (unpublished
data), indicating that the detected collagen was newly pro-
duced after AML. In conclusion, we observed the alterations
of collagen structure in the periostin™'~ mice; they were smaller
and more uniform, with the decreased amount and cross-linking
of collagen effecting lower stiffness. These results suggest that
periostin expression contributed significantly to the amount or
cross-linking of newly synthesized collagen, which is essential
for the normal mechanical properties of collagen-containing
tissues after MI. These findings indicate that impaired colla-
gen fiber formation occurred in periostin™'~ mice after AMIL
Interestingly, although the total activity of myeloperoxidase
and the numbers of Mac-3—positive inflammatory cells, ki67-
positive proliferating cells, and active caspase-3—positive
apoptotic cells in the infarct border were not significantly dif-
ferent between ** and 7/~ mice (not depicted), we observed
a lower number of aSMA-positive cells in the infarct area
of periostin™'~ mice 5 d after AMI (1,792 + 193 cells/ mm?
in ** vs. 758 £ 75 cells/mm? in ~/~; P < 0.01; n = 6; Fig. 2 1).

A Control LacZ D

aSMA
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However, the number of cells positive for SM1, which is
a specific marker of SMCs, was not significantly different,
and almost all of the aSMA-positive cells were SM1 nega-
tive (unpublished data). These results indicate that not the
inflammatory cell recruitment, but rather the recruitment
of cardiac fibroblasts in the infarct region, was impaired in
these animals.

To determine whether the impaired cardiac healing in
response to AMI could be restored by periostin directly, we per-
formed a rescue experiment by using AbAe, which is the main
periostin isoform detected early after AMI. The periosrin™'~
mice were treated with a recombinant adenovirus expressing
periostin (Ad-AbAe) or with a control adenovirus (Ad-nls;
nuclear localization signal-LacZ). In the control experiment,
the Ad-nls-LacZ transfer was detected in the infarct border
at 4 d after AMI by whole-mount X-gal staining, proving
the experimental feasibility (Fig. 3 A). In periostin™'~ mice
infected with Ad-AbAe, we first confirmed expression of
transferred periostin in the infarct tissue by immunoblot and
immunofluorescence analyses (Fig. 3 B and Fig. S4, available at
hup://www.jem.org/cgi/ content/ full/jem.20071297/DC1),
and then observed an increase in the area reactive with anti-
aSMA antibody compared with that area of the control Ad-nls-
LacZ—infected periostin™'~ mice (597 + 107 cells/mm? in
Ad-nls-LacZ-infected =/~ mice vs. 1,535 * 197 cells/mm?

Figure 3. Adenovirus-mediated periostin AbAe gene transfer prevents cardiac rupture in the periostin=/- mice. (A) Whole-mount X-gal staining
4 d after AMI showed strong expression in the border of the Ad-nis-LacZ-infected myocardial infarct (arrowheads). The arrow indicates the ligated
portion. (B} Western blot analysis for Ad-AbAe-infected periostin~'~ infarct LV. (C) Infection with Ad-AbAe reversed the high incidence of cardiac rupture
in the periostin~'~ mice to a lower level, comparable to the incidence in the ** mice. *, P < 0.02; **, P < 0.001, compared with control Ad-treated =/~ mice
(D) Compared with the Ad-nis-LacZ-infected periostin™/~ hearts, the Ad-AbAe-infected hearts increased the number of aSMA-positive cells 5 d after

AMI. {right) the number of aSMA-positive cells. **, P < 0.01, compared with the mock infection of the ~/

Bars, 200 pm
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in Ad-AbAe-infected =/~ mice; P < 0.01; n = 6; Fig. 3 D).
Furthermore, the Ad-AbAe infection reduced the incidence
of rupture frequency in periostin™~ mice (35.0%) compared
with that for the Ad-nls-LacZ—-treated —/— mice (65.0%;
Fig. 3 C). These results demonstrate that periostin AbAe was
essential for in vivo recruitment of aSMA-positive fibroblasts
to block rupture after AMI. As cell motility and morphology of
fibroblasts are associated with the expression of the phosphory-
lated forms of Akt and focal adhesion kinase (FAK) (26, 27),
we examined the phosphorylation of these proteins in the
infarct border 5 d after AMI. The amount of phosphorylated

A e D

Akt was reduced, and only a small amount of phosphorylated
FAK was detected in the border of the periostin
mice (Fig. 4, A and B, and Fig. S5).

T'o further investigate the role of periostin in FAK activa-
tion and cell motility, we performed immunofluorescence

infarcted

staining for phosphorylated-FAK and rhodamine-phalloidin
staining for the actin cytoskeleton in an embryonic mesenchy-
mal cell ine, C3H10T1/2, treated or not with periostin AbAe.
The presence of periostin AbAe changed the cytoskeletal
arrangement and motility of the cells, resulting in dynamic
protrusion of their processes (Fig. 4 C). In a time-course
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Figure 4. Periostin promotes cell migration through integrin-mediated FAK signaling. (A) Phosphorylation of FAK in infarct LV from periostin®'+
mice and =/~ mice 5 d after AMI. (B) Immunofluorescence for phosphorylated FAK (p-FAK™) in the border of infarct LV from periostin*'* mice and —/-
mice 5 d after AMI. Merged images show an overiay of p-FAK™ {(green) and propidium iodide-stained nuclei (red). The dotted line shows the infarct
border. NIZ, noninfarct zone; IZ, infarct zone. (C and D) Promotion of cell spreading and activation of FAK phospharylation in vitro. The morphology of
starved C3H10T1/2 cells was analyzed by immunafluorescence 12 h after adding periostin AbAe (C), and the p-FAK™” was examined by Western blot
analysis at various times after adding periostin AbAe (D). In C, the merged images show an overlay of p-FAK™ (green) and rhodamine-phalloidin (red),
and the arrows point to FAK phosphorylation sites. The insets show higher magnification of the cell processes. (E) Chemotaxis of primary cardiac fibro-

blasts from periostin~'

mice in the absence (mock) or presence of periostin AbAe, detected by an in vitro cell migration assay. Cardiac fibroblasts were

significantly activated by periostin AbAe, and treatment with neutral zing antibodies against periostin and av-integrin, PP2, or FAK siRNAs reduced the
cell migration. **, P < 0.001 vs. periostin AbAe. Error bars represent the mean + the SEM. (F) Periostin can stimulate FAK and Akt phosphorylation through

integrin signaling. Starved C3H10T1/2 cells were incubated for 1
Bars: (B) 100 um; (C) 20 pm
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experiment, periostin AbAe continuously activated the phos-
phorylation 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
periostin AbAe activated FAK phosphorylation and promoted
formation of dynamic protrusions. Next, we tested the motil-
ity of primary cardiac fibroblasts from periostin™'~ mice in the
presence of periostin AbAe. The result showed that periostin
AbAe strongly activated the cell migration of these fibroblasts
(Fig. 4 E). Moreover, this migration caused by periostin AbAe
was significantly reduced by antibodies against either periostin
or av-integrin; by PP2, which is known as a compound that
specifically imhibits adhesion-mduced FAK phosphorylanion (28);
and by knockdown of FAK by siRINA (Fig. 4 E), suggesting
that periostin AbAe would activate the cell motility of their
fibroblasts by FAK signaling through auv-integrin in mice sub-
jected to AMI. Finally, we inhibited the integrin-mediated
FAK pathway by using chemical compounds and siRINAs
(Fig. 4 F). FAK inhibitors or iRNA down-regulated the Akt
phosphorylation, and Akt inhibitors did not change FAK
phosphorylation after stimulation by periostin AbAe, indicat-
ing that Akt is a downstream molecule of FAK and periostin
AbAe. Moreover, av-integrin siRNA treatment blocked both
FAK and Akt phosphorylation after stimulation by periostin
AbAe. These results indicate that periostin AbAe can stimulate
FAK and Akt phosphorylation through av-integrin.

We demonstrated that in the case of periostin deficiency,
the collagen amount was reduced in the infarct myocardium,
resulting in frequent cardiac rupture in the AML 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
umpaired in the early stage of MI in the periostin deficiency,
resulting in a high rate of cardiac rupture. Furthermore, we
have found that the reduced mechanical strength, rupture of
the infarct region, and repression of LV dilation in periostin
deficiency were most likely caused by a reduced number of
cardiac fibroblasts and by the insufficient creation of a durable
collagen network caused by a lower rate of collagen synthesis
and 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 vimentin-positive cells in the
infarct region, resulting in effective blockage of heart rupture
(unpublished data). These data suggest that periostin-stimulated
migration of cardiac fibroblasts into the infarct region, the cells
of which produce a high amount of collagen, is more essential
than collagen cross-linking by periostin.

The expression of TGFB was markedly up-regulated in the
infarct border during the scar formation phase after AMI, and
the phosphorylation of smad 2/3 was consequently increased
(unpublished data), whereas there was no significant differ-
ence in the TGFPB transcription level between periostin*/* and
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~'~ mice; TGFP also enhanced the periostin expression in the
infarct border after AMI because anti-TGFB antibody treat-
ment blocked the periostin expression (Fig. 56, available at
http://www jem.org/cgi/ content/full /jem.20071297/DC1).
The expression of both TGFB and periostin is up-regulated by
angiotensin 11 and attenuated by angiotensin receptor blockers
after AMI (29, 30), suggesting that periostin may play a role
via angjotensin II-TGFp signaling. The combined results on
the biomechanical properties and the collagen content of the
isolated infarct heart support the concept that the periostin-
linked collagen fibrous skeleton is an important determinant
of cardiac rupture.

The results given here indicate that periostin signals acti-
vate cell migration of cardiac fibroblasts from outside into the
infarct region through FAK phosphorylation, and then the
migrated cells differentiate into aSMA-positive fibroblasts, re-
sulting in strengthening of the stiffness of the LV wall through
collagen synthesis after AMI. FAK is known to be involved in
tyrosine phosphorylation during integrin-mediated signaling,
and this molecule plays an important role in the response of
migrating cells to mechanical stress (31). Recently, FAK has
been implicated as a downstream target associated with angio-
tensin 1l-stimulated cell migration (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, indicating
that the periostin-induced increase in FAK phosphorylation in
the infarct myocardium enhanced the motility of these fibro-
blasts. In contrast, three-dimensional culture studies imply that
the matrix stiffness regulates cell fate by modulating integnin
signaling (31, 33). Considering these accumulated results, we
suggest that periostin is mainly produced by fibroblasts through
angiotensin 1I-TGFP signaling and may convey pathologi-
cally rapid reinforced mechanical signals to FAK-integrin sig-
naling after AMIL. The fibroblastic cells activated by these
signals secrete periostin, which in turn increases their motility,
contractility, and synthesis of ECM proteins, thus promoting
further recruitment and activation of fibroblasts. Periostin may
serve as the trigger of these feedback mechanisms in the ongo-
ing healing processes. Additional studies to elucidate in more
detail the characteristics of cardiac fibroblasts may lead to a
deeper understanding of the role of periostin after AMI, as
well as aid in identifying the molecular targets of therapies to
augment cardiac performance and wall stiffness after AMI.

MATERIALS AND METHODS

Preparation of rabbit polyclonal antibodies against periostin. We
raised polyclonal RD1 anribodies against periosan by using the pepride
DNLDSDIR RGLESNVN (representing aa 143—158 of human periostin) for
human periostin and the peptide ENLDSDIRRGLENNVN (representing
aa 145160 of mouse periostin) for mouse periostin. The antibodies were
affinity-purnified by using the respective immunogenic peptide.

Histology, immunostaining, and electron microscopy. Human tssue
samples were obtained during autopsy and fixed in 4% neurral formalin or
2% formalin. A toral of 41 cases, ranging from a fews to an 89-yr-old pa-
tient, including 15 cases of myocardial infarcton, were examined. All the
cases were approved for use in research by the Ethics Commitee of the
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University of Tokyo. After having been embedded in paraffin, specimens
were cut at a 4-pm thickness. Hematoxylin and eosin, elstica von Gieson,
and Azan staining procedures were performed Immunohistochemistry by
the ABC method was done by using an i6000 apparatus (Biogenex).

For histological analysis of the infarcted mice, the animals were killed at
1,2.3. 4.5, 7, 14, or 28 d after surgery under anesthesia, and were perfusion
fixed with 4% parafornuldehyde ac physiological pressure. Fixed hearts were
sectioned transversely into three equal segments from their apex ro base and
cryoembedded or embedded in paraffin, 4-pm-thick sections were used for
histological analysis or for immunosaining. Antibodies against ev-integrin
(Laboratory Vision), aSMA (Signia-Aldrich), FAK (BD Biosciences), pY397FAK
(Invitrogen), pS473Ake (Cell Signaling Technology), Akt (Cell Signaling
Technology), collagen I (Novotec), fibronectin (34), Ki67 (YLEM), acuve
caspase3 (Promega), vimentin (PROGEN), smooth muscle myosin-1 (SM1;
Kyowa Hakko Ltd.), and Mac3 (BD Biosciencas) were used for immuno-
staining. Antigen unmasking techniques were not performed, except for
anti—atv-integrin. For immunostaining of pY397FAK and pS473Ake, the
Catalyzed Signal Amplification system was used (Dako). In the case of fluo-
rescence studies, the signals were observed under a confocal microscope
(FLUOVIEW FV1000; Olympus).

Sections of infarcted heart were generated from 6 periostin®’* and 6 =/~
nule mice at 5 and 28 d after AMI, and they were prepared for electron mi-
croscopy as previously described (35). Sham-operated mice were used for
the control. Collagen fibril diameters were measured in scanned images gen-
erated from electron micrographs with Image ] software. Collagen fibrils and
the number of vimentin-positive or aSMA-positive cells in at least 6 fields
derived from each of the basement-, mid-, and apex-part of the infarct re-
gion of heart sections were quantified (6 mice per group) Animal studies
were conducted under a protocol approved by the Institutional Animal Use
and Care Committee

Quantification of collagen cross-links and collagen contents. Snap-
frozen infarct tissues from periostin®’* and ~'~ mice were used. Pyridinoline
and hydroxyproline contents were detenmined by the previously described
HPLC method (36)

Adenovirus-mediated gene transfer. Construction of Ad-nlsLacZ and
Ad-periostin AbAe vecton was performed by use of an Adeno-X Expression
System 2 (BD Biosciences). The virus purification method used, involving
cesium chloride ultracentrifugation, was previously described (37) 1 d be-
fore LAD ligation, a volume of 100 pl containing 1.6 X 10" PFU of Ad-nk-
LacZ or Ad-periostin AbAe virus was injected into a tail vein of male
periostin™’~ mice.

Statistical analysis. All numerical resules were presented as the mean = the
SEM. Sutistical analyses of the echocardiography and cell migration asay
were performed with a Student’s unpaired 1 test. Cardiac rupture frequency
was compared by the X test. Survival curves after AMI were obtained by the
Kaplan-Meier method, and compared by the log-rank test. Differences were
considered significant at P < 0.05

Online supplemental material. Fig. S1 shows the confimution of the
periostin expression in cardiac fibroblasts. Fig. S2 indicates the generation of
peniostin™'~ mice. Fig. 53 shows the immunofluorescence analysis of fibro-
nectin after AMI. Fig. S4 shows immunofluorescence analysis for gene-
wransferred pedostin™'~ infarce heart. Fig. 55 depico the analysis for the
phosphorylation of Akt after AMI. Fig. S6 shows a cause-and-effect relation-
ship berween TGF and periostin after AML. Table S1 provides the echo-
cardiographic data. Full methods and associated references are available in
the Supplemental materials and methods. The online version of this aricle is
available at hrep://wwiw jem org/cgi/content/full /jem 20071297/DC1
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MesP1 drives vertebrate cardiovascular differentiation
through Dkk-1-mediated blockade of Wnt-signalling

R. David', C. Brenner'”, ]. Stieber?, E. Schwarz', S. Brunner', M. Vollmer®, E. Mentele*, J. Miiller-Hocker, S.

Kitajima®, H. Lickert’, R. Rupp* and W.-M. Franz'

ES-cell-based cardiovascular repair requires an in-depth
understanding of the molecular mechanisms underlying

the differentiation of cardiovascular ES cells. A candidate
cardiovascular-fate inducer is the bHLH transcription factor
MesP1'“. As one of the earliest markers, it is expressed
specifically in almost all cardiovascular precursors and is
required for cardiac morphogenesis??. Here we show that
MesP1 is a key factor sufficient to induce the formation

of ectopic heart tissue in vertebrates and increase
cardiovasculogenesis by ES cells. Electrophysiological analysis
showed all subtypes of cardiac ES-cell differentiation®.

MesP1 overexpression and knockdown experiments revealed

a prominent function of MesP1 in a gene regulatory cascade,
causing Dkk-1-mediated blockade of canonical Wnt-signalling.
Independent evidence from ChIP and in vitro DNA-binding
studies, expression analysis in wild-type and MesP knockout
mice, and reporter assays confirm that Dkk-1 is a direct target
of MesP1. Further analysis of the regulatory networks involving
MesP1 will be required to preprogramme ES cells towards a
cardiovascular fate for cell therapy and cardiovascular tissue
engineering. This may also provide a tool to elicit cardiac
transdifferentiation in native human adult stem cells.

Current therapeutic modalities for degenerative cardiovascular dis-
cases are limited. They include medical therapy, mechanical left-ven-
tricular assist devices and cardiac transplantation. Embryonic stem
(ES) cells, which can differentiate into functional cardiovascular cells,
may enable transplantation of cardiovascular cells °. The proliferative
potential of cardiomyocytes derived from ES cells is limited, and rea-
sonable yields to repair an infarction in humans (>10° cardiomyocytes)
are yet to be achieved®.

Itis crucial, therefore, to understand the biological processes leading
to formation of cardiovascular cells. A candidate key cardiovascular-
fate inducer is the basic helix-loop-helix (bHLH) transcription factor,

MesP1, which is expressed in almost all precursors of the cardiovas-
cular system. It is required for cardiac morphogenesis and is currently
the earliest marker of the cardiovascular lineage'>. MesP1-deficient
mice show aberrant heart morphogenesis that resulted in cardia bifida'
and misexpression of Flk1 (VEGFR-2 or KDR), one of the receptors for
VEGF". In the primitive chordate Ciona savignyi, the sole known ortho-
logue of vertebrate MesP genes in ascidians (Cs-MesP) is essential for
specification of heart precursor cells expressing Nkx, HAND and HAND-
like genes. Morpholino-based knockdown of Cs-MesP causes failure of
the development of the juvenile heart®. A constitutively active Cs-MesP
induced cardiogenesis independently of cardiac precursor-cell migration
in Ciona”. This suggests a mechanism for cardiovascular specification
that is highly conserved in chordates and initiated by MesP genes, with
factors such as Nkx, HAND and FIk1 acting further downstream.

We therefore hypothesized that cardiovasculogenesis in vertebrates not
only requires correct MesP1 expression, but also that this factor might
be a master regulator sufficient to induce cardiovasculogenesis. Here, we
show from different experimental systems using vertebrate embryos, as
well as ES cells and in vitro studies, that this is indeed the case.

We first injected MesP1 overexpression-plasmid DNA into one
blastomere of two-cell Xenopus laevis embryos. This caused the for-
mation of ectopic beating tissue in various regions of developed tad-
poles (Supplementary Information, Movies 1-4). The beating rhythm
of the specimen (Supplementary Information, Movie 1) indicated that
the contracting tissue in the head region was electrically coupled to
the heart, whereas ectopic beating (Supplementary Information, mov-
ies Movies 2, 3) showed autonomous rhythms. Whole-mount in situ,
hybridization for myosin light chain (MLC) mRNA confirmed ectopic
formation of cardiomyocytes in tadpoles that overexpressed MesP1
(Fig. 1b-e), compared with control tadpoles (Fig. la).

Relying on the high conservation of vertebrate MesP1 proteins, we
used human MesP1 in mouse ES cells as it would be easily traced. We
inserted human MesPI cDNA in pIRES-EGFP-2 for overexpression in ES
cells (Fig. 2a), simultaneously allowing detection of ES-cell clones using
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Figure 1 MesP1 overexpression in Xenopus induces ectopic cardiac
tissue. (a) MLC in situ hybridization using a stage 45 Xenopus control
tadpole previously injected with 100 pg EGFP expression plasmid into
one blastomere at two-cell stage. * Specific staining of MLC mRNA
within the heart. (b, c) MLC in situ hybridization using stage 45
Xenopus tadpoles injected with 100 pg MesP1 overexpression plasmid.

EGFP (enhanced green fluorescent protein; Fig. 2b, ¢). Overexpression of
MesP1 was confirmed at the mRNA (Fig. 2d) and protein levels (Fig. 2e).
RT-PCRs showed no influence on Oct4, Nanogand Rex-1 mRNA levels,
compared with control transfected cells, which were normal, undifferen-
tiated colonies grown in medium containing leukaemia inhibitory factor
(LIF; Fig. 2f). These results suggest that MesP1 alone is not sufficient to
induce germ-layer-specific differentiation.

We then verified the time course of cytomegalovirus (CMV) promoter
activity used in our overexpression construct: fluorescence activated cell
sorting (FACS) analyses for EGFP expression showed that 89% of the cells
were EGFP-positive at day 0 of differentiation and 12% were positive at
day 4 (Supplementary Information, Fig. S1). This is consistent with the
known silencing of the CMV promoter in differentiating ES cells.

During differentiation, clones that overexpressed MesP1 began to
contract earlier and showed approximately five-fold more contracting
areas, compared with the controls (Fig. 3a, Supplementary Information,
Movies 5, 6). This exceeds the in vitro yield reported in previous studies, in
which, ES-cell-derived cardiomyocytes were increased two- to three-fold
by treatment with retinoic acid", nitric oxide or an inducible nictic oxide
synthase'!. Similarly, in a study where cells had to be preselected for Flkl
using FACS", increased cardiomyogenesis was observed in ES cells lacking
RBP-], a key downstream element in the Notch signalling pathway.

NATURE CELL BIOLOGY VOLUME 10 | NUMBER 3 | MARCH 2008

Specific staining of MLC mRNA in the heart (*) was paralleled by MLC
expression in the trunk region (b, boxed area) and in the dorsal part of

a partially ablated eye on the injected side (c, boxed area). (d) Higher
magnification of ectopic MLC expression in specimen b. (e) Higher
magnification of MLC expression in the eye region shown for specimen c.
Scale bars are 0.5 mm.

Cardiomyocytes that overexpressed MesP1 showed normal patterns of
the cardiac sarcomeric marker aMHC (Fig. 3b-d). Ultrastructure of the
cells with typical myocytic features revealed parallel arrays of myofibril-
lar bundles inserting into Z-disc-like bands (Fig. 3e). Similarly, intercel-
lular contacts, probably corresponding to gap junctions, were detected
(Fig. 3f).

In addition to increased beating, the MesP1-transfected ES-cell clones
showed highly increased spontaneous sprouting of structures from
embryoid bodies (EBs), which resembled vascular cells (Fig. 3g-j), a
feature normally induced in sprouting assays by addition of VEGF, FGF2
and erythropoietin in collagen I gel matrices'*. These cells migrated out
of the EBs and showed typical expression of von Willebrand factor (vWF;
Fig. 3h, i). Our observation is consistent with the knowledge that cardiac
and vascular cells share the same embryonic origin in the lateral plate
mesoderm and that mouse MesP1 has been described as a marker for
both cardiac- and endothelial-cell precursors'.

We next investigated whether our observations are consistent with
mRNA expression patterns and found enhanced expression of tran-
scripts encoding the early cardiac transcription factors Nkx 2.5, GATA
4 and Mef2c (Fig. 4a). nRNAs encoding the cardiac structural proteins
and hormones connexin 45, connexin 43, MLC2v, Tnl, ANF and TTR,
were markedly increased (Fig. 4a). Additionally, at day 6, mRNA levels
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Figure 2 Functionality of the MesP1 overexpression construct in ES cells. (a)
Transfection construct bearing the human MesPI1-IRES-EGFP cassette. (b,
¢) Stably transfected mouse ES cell colonies showing EGFP fluorescence.

(d) RT-PCR for overexpressed human MesPI mRNA in stably transfected
mouse ES cells. (e) Verification of hMesP1 overexpression in mouse ES

for VE-cadherin were increased (Fig. 4a), correlating with the increased
vascular sprouting described above (Fig. 3g-j). Downregulation of the
skeletal muscle marker MyoD was also observed, indicating a shift
towards the lateral plate mesoderm (Fig. 4a). An increase in the number
of cells expressing the proteins a-actinin, cardiac MLC-1, Tnl and
CD31 (PECAM) confirmed our mRNA data (Fig 4b-d; Supplementary
Information, Fig. $4C).

In the non-mesodermal lineages, neural differentiation seemed to
be increased in MesP1-overexpressing cells, as shown for NeuroD and
Neurogenin mRNAs. Correspondingly, epidermis formation in ecto-
dermal ES-cell descendents seemed to be diminished, as indicated by
the decreased expression of cytokeratinl7 (Fig. 4a). This observation
is consistent with the known neural-inducing potential of cardiogenic
cells'’. Expression of hepatocyte nuclear factor 4 (HNF4) was not altered,
suggesting that endodermal differentiation was unaffected (Fig. 4a).

Electrophysiological analysis of isolated beating cardiomyocytes
revealed that the three main cell types described for the near-termi-
nally differentiated state of EB cardiomyocyte development (namely,
ventricle-like, atrial-like and sinoatrial/atrioventricular (pacemaker-
like) cells, as well as intermediate cells) are present in preparations from
MesP1-overexpressing ES-cell clones (Supplementary Information,
Fig. $2, Table S1). The action potentials generated by the respective cell

Transfactedi Control IMunne heart|

Human MesP1 " 827 bp
Murine H4 . _ q 125 bp

-RT

MesP1

f No.9 No.13 No.21 Control

267 bp ” - - _ Nanog

255 bp ”““* Rex1

-RT

cells on the protein level. Full scans shown in Supplementary Information,
Fig. S6. (f) RT-PCR using cDNA from undifferentiated ES cell clones: relative
expression levels of pluripotency markers in the presence of LIF show no
difference compared with EGFP control transfected cells. Full scans shown
in Supplementary Information, Fig. S6.

types of MesP1 and control cells did not ditter significantly with respect
to their distinct parameters, such as maximum diastolic potential,
diastolic depolarization rate, upstroke velocity or action potential pla-
teau duration, or in their reaction to f-adrenoceptor (isoprenaline) and
muscarinic-receptor (carbachol) stimulation. This supports the notion of
correct cardiomyocyte development. In knockdown experiments using
human MesPI-specific short hairpin (sh) RNA, the appearance of beat-
ing foci in shRNA-expressing (‘rescued’) ES cells, was reversed to con-
trol levels (Supplementary Information, Fig. $4A, B), corresponding to
a reduction of Tnl-expressing cells to a level similar to control numbers
(Supplementary Information, Fig. S4C).

To identify direct targets of MesPl, we next performed a ChIP
screen with subsequent cloning and sequencing of the unknown pre-
cipitated DNA fragments'®. We identified two regions derived from
the mouse Dkk-1 upstream region containing classical bHLH-binding
motifs, which are highly conserved in humans, chickens and zebrafish
Dkk-1 genes (Supplementary Information, Fig. S5A). We then verified
their specific enrichment in the precipitated DNA using PCR (Fig. 5a)
and performed electrophoretic mobility shift assays (EMSAs) to con-
firm specific MesP1-binding to these elements in vitro (Fig. 5b). To
investigate the relevance of these observations in vivo, we performed
whole-mount in situ hybridization using embryonic day (E) 7.5 mouse
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Figure 3 Increased appearance of cardiomyocytes and endothelial cells in
MesP1-overexpressing ES cells. (a) Increase of spontaneous beating activity

in three independent mouse ES cell clones stably transfected with the
MesPI-IRES-EGFP construct. (b) Confocal analysis of aMHC expression in

a cardiomyocyte overexpressing MesP1. (c) Counterstaining against actin.

(d) Overlay of aMHC and actin staining. Scale bar is 5 um. (e) Electron
microscopy: straight fibrils composed predominantly of thick filaments
(myosin) and formation of a Z-line () in the subplasmalemmal zone. Scale bar
is 0.5 pym. (f) Intercellular junctions between two cells with subplasmalemmal
densities (») and longitudinal aggregates of thin filaments (*). The gap was

embryos, in which we found co-expression of MesP1 and Dkk-1 in
the cardio-cranial mesoderm precursors' migrating laterally from the
primitive streak towards the anterior region (Fig. 5c). Additionally,
MesP1 mRNA was found at the base of the allantois. At the same
developmental stage, Dkk-1 was expressed in the anterior visceral

endoderm, the anterior cardio-cranial mesoderm and at the base of

the allantois (Fig. 5¢, upper panels). Histological sections from these
specimens show MesPI mRNA in posterior and lateral mesoderm
populations giving rise to cardio-cranial mesoderm. Similarly, Dkk-1
was expressed in lateral and anterior cardio-cranial mesoderm popu-
lations (Fig. 5¢, lower panels), demonstrating an overlapping expres

sion domain with MesP-1 in this region.

ME NUMBER 3 | MARCH 2008
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narrowed at the contact sites, consistent with an attenuated gap junction.

mi = Mitochondrium. Scale bar is 0.5 um. (g) Spontaneous sprouting of
vascular-like cells from an EB at day 10 of differentiation without any addition
of angiogenic growth factors. Scale bar is 30 pm. (h) Staining of spontaneously
sprouting vascular-like cells for vWF. Nuclei were counterstained with DAPI
Scale bar is 30 um. (i) Overlay of confocal microscopic analysis of vWF
expression (red) and actin expression (green) in spontaneously sprouting
vascular like cells. Scale bar is 10 ym. (j) Quantification of spontaneous
sprouting at day 10 of differentiation in MesP1-overexpressing and EGFP-
overexpressing ES-cell clones (data are mean £ s. d., n= 3, P=0,0029).

We then analysed mRNA expression patterns at an earlier stage of
ES-cell differentiation (day 3). Again, we found upregulation of Nkx2.5
and GATA4 mRNAs in ES cells overexpressing MesP1. In contrast to
unaltered brachyury mRNA levels at day 3, the amounts of Dkk-1 and
Hex mRNAs were markedly increased (Fig. 5d).

To determine whether MesP1 can initiate cardiomyogenesis even
in the absence of general mesoderm-inducing factors, we performed
FACS analyses for FIk1, the earliest surface marker for the lateral meso-
derm'é, during ES-cell differentiation. Few (0.2-0.25%) cells were found
to express Flk1 in undifferentiated MesP1 and control clones. The Flk1-
positive population did not increase significantly until day 4 of differen-
tiation, when lateral and paraxial mesoderm have formed". However,

in
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Figure 4 Increased expression of cardiovascular markers in MesP1-
overexpressing ES cells. RT-PCR for mesodermal markers at day 6 of
differentiation shows an increase in mRNA expression for cardiac markers
Nkx 2.5, GATA 4, Mef2c, connexin 45, connexin 43, MLC2y, Tnl, TTR

and ANF in three independent MesP1-IRES-EGFP clones. In the same
clones, mRNA for the endothelial marker VE-Cadherin was increased,
whereas the skeletal muscle differentiation marker MyoD was decreased.

In the ectodermal lineage NeuroD and Neurogenin mRNAs were increased,
associated with decreased Cytokeratinl7 expression. The endodermal marker

after this time-point, the increased cardiovascular differentiation in
MesP1-overexpressing clones was confirmed by increases (approxi-
mately three-fold) in the Flk1-positive populations (Supplementary
Information, Fig. $3). These data suggest that MesP1-based cardiogen-
esis depends on initial general mesoderm formation'®,

The results in Fig. 5d confirm that the cardiogenic effect of MesP1
is mediated by upregulation of the Wnt inhibitor Dkk-1. To verify our
observations, reverse experiments were performed using stably expressed
shRNA to knockdown endogenous MesP1. In two independent clones
showing reduced MesP1 expression, this approach was accompanied by
downregulation of Dkk-1, Nkx2.5 and GATA-4 mRNA expression (Fig. Se).
To extend the loss of function approach from ES cells to an in vivo set-
ting, we performed whole-mount in situ hybridization with late gastrulae
using wild-type and MesP1”;MesP2 " double knockout embryos". In
these embryos the absence of MesP expression led to loss of Dkk-I mRNA,
specifically in the cardio-cranial mesoderm, caused by either silencing
of Dkk-1 transcription or loss of these cells (Fig. 5f). Therefore, Dkk-1
expression in the anterior cardio-cranial mesoderm indeed is depend-
ent on MesP function, whereas Dkk-1 expression in the anterior visceral
endoderm and at the base of the allantois is MesP-independent.

To determine whether MesP1 is indeed a transcriptional activator,
we performed luciferase assays using our mouse ES-cell lines. Each of
the two MesP1 binding-site motifs derived from the hDkk-1 promoter

T 1 T
100 10' 10?2 10°

HNF4 seemed to be unaffected. Full scans of key markers are shown in
Supplementary Information, Fig. $6. (b) FACS analysis for a-actinin at day
18 of differentiation. Cells expressing a-actinin were increased 1.8-fold in
MesP1 clones, compared with control transfected cells. (c) FACS analysis for
cardiac MLC-1 at day 18 of differentiation. Cells expressing cardiac MLC-1
were increased 1,9-fold in MesP1 clones, compared with control transfected
cells. (d) FACS analysis for CD31 (PECAM) at day 6 of differentiation. Cells
expressing CD31 were increased 2-fold in MesP1 clones, compared with
control transfected cells.

produced a six- to eight-fold increase in luciferase activity in MesP1-
overexpressing cells (Fig. 5g). These results demonstrate that MesP1 acts
as a transcriptional activator at the sites identified by ChIP-analysis.
These findings were confirmed by in vivo experiments, where hMesP1
mRNA or hMesP1 expression plasmids were injected into the animal
pole of two-cell Xenopus embryos, which were then subjected to quan-
titative RT-PCR analysis for Dkk-1 mRNA at Nieuwkoop-Faber Stage
14 (Supplementary Information, Fig. S5B). Similarly, injections target-
ing the mesendoderm of four-cell Xenopus embryos showed increased
Dkk-1 mRNA levels (data not shown).

Recently, it has been shown that in Xenopus, Wnt antagonists stimu-
late cardiogenesis non-cell-autonomously, up to several cells away from
those in which canonical Wnt/B-catenin signalling is blocked, indicative
ofan indirect role in heart induction. Dkk-1, which is found in defined
mesodermal lineages, including the heart, and other inhibitors of the
canonical Wnt pathway, induce Hex expression in endoderm underlying
the presumptive cardiac mesoderm. Loss of Hex blocks endogenous car-
diogenesis and ectopic heart induction by Dkk- 1, whereas ectopic Hex
induces expression of cardiac markers non-cell-autonomously*. Thus,
to initiate cardiogenesis, Wnt antagonists act on endoderm to upregulate
Hex, which, in turn, has been suggested to control the production of
endoderm-derived, diffusible heart-inducing factors"**. Our observa-
tion of a marked increase of Hex mRNA in MesP1-overexpressing ES

342

NATURE CELL BIOLOGY VOLUME 10 | NUMBER 3 | MARCH 2008

© 2008 Nature Publishing Group

-315-



LETTERS

. Dkk-1 Elements b mDkk-1 Promoter L]
2 MesP -
§ -3.8 kb -22kb J ol
\ 4 = = | =+ = - |ul100x
- =4 = | = =4 = |ul mut. 100x
- = =4+ | === 4 |aMesP1

.
LI

d e f g
MesP1 .? mDkk-1 i situ
0.9 No 13 No.21 MesP1 Dick-1 St
1
100% Ly
385 bp Dk e i ..
380 : Hex v
m Con. Sor. shNo.7 shNo 8 Con. Scr shNo.7 shNo.8 -
12259 -.. - 12 L a4
GATA4  100% l . "
o ) - oL .
12500 MNE_. - - L 9
: -AT Con S stNo7sWNoB  Con. Scr. shNoT shNoS ) -
Wild-type  MesP1-+; MesP2+-
double knockout
9 10
[ CMV-EGFP

Fold activation

7] MesP1 clone 13
B MesP1 clone 9

—t—

- N W e O N @ ©

' Em

Element 2xDR O

Figure 5 MesP1 enhances cardiovascular differentiation via Dkk-1 mediated
blockage of Wnt-signalling. (a) PCRs from immunoprecipitated and total
input DNA. Two Dkk-1 promoter-derived PCR-fragments containing bHLH
responsive elements were enriched. (b) EMSAs using nuclear ES cell extract
and the isolated bHLH responsive elements. Lanes 1, 5: specific shift; lanes
2, 6: competition with 100x excess of unlabelled specific probe; lanes 3,

7: competition with 100x excess of unlabelled non-specific probe; lanes

4, 8: supershift. (c) Whole-mount samples from in situ hybridization of late
gastrulae and cross-sections at the indicated level: MesPI and Dkk-1 mRNAs
were co-expressed in cardio-cranial mesoderm precursors. Left upper panel:
MesP1 expression at E7.5 in mesoderm precursors migrating laterally from
the primitive streak to give rise to cardio-cranial mesoderm. MesP1 was

also expressed at the base of the allantois (*). Right upper panel: Dkk-1
expression in the anterior visceral endoderm (AVE), the anterior cardio-cranial
mesoderm (arrowhead) and the base of the allantois. Sections show MesP1-
mRNA (left lower panel) in posterior and lateral mesoderm, giving rise to
cardio-cranial mesoderm. Right lower panel: Dkk-1 expression in lateral

E-Box; -9.5kb  E-Box; -11.6kb

and anterior cardio-cranial mesoderm. Arrowheads: overlapping domains

of MesP1 and Dkk-1. Scale bars are 150 uym. (d) RT-PCR from MesP1-ES
cells (day 3 of differentiation): an increase of mRNA expression for GATA4
and Nkx2.5 but not brachyury was observed in three independent clones.
Similarly, mRNAs for the Wnt inhibitor Dkk-1 and Hex were enhanced.

Full scans shown in Supplementary Information, Fig. S6. (e) Knockdown

of endogenous MesP1 in ES cells using stably expressed shRNA caused
reductions in Dkk-1, Nkx2.5and GATA-4 mRNA levels (data are mean + s.
d., n=4). (f) In situ hybridization of late gastrulae for Dkk-1 using wild-type
(left) and MesP1+; MesP2+ double knockouts (right): in the knockouts, Dkk-
1 mRNA was specifically lost in the cardio-cranial mesoderm (arrowheads).
Scale bar is 150 pm. (g) Luciferase assays using control and MesP1-
overexpressing ES-cells. Each of the two conserved MesP1-binding sites (E-
Box-9.5 kb; E-Box-11.6 kb) was sufficient to enhance luciferase expression
6-8 fold in hMesP1-overexpressing cells versus control ES cells. A control
reporter gene containing a bHLH-half-site motif (2x DR 0) was not activated
by MesP1 (data are mean + 5. d., n=5, *P< 0.0025).
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cells at day 3 of differentiation, leading to high levels of the cardiogenic
markers Nkx2.5 and GATA-4, supports these findings (Fig. 5d). On the
other hand, it was recently demonstrated that during the period of MesP1
expression, cardiogenic cells themselves are susceptible to Wnt-signal-
ling, confirming that a precise amount and/or timing of Wnt/B-catenin
signalling is required for formation ofa proper heart tube?'.

In contrast to the requirement for inhibition of canonical Wnt-signal-
ling at the onset of cardiogenesis, canonical Wnt-signalling seems to
be required for the expansion and maturation of primary and second-
ary heart-field-derived cardiomyocytes during further development of
the vertebrate heart™*. This is reflected in vivo by Wnt8a expression
from day 8.5 post conceptionem in mouse myocardium of the common
ventricular and atrial chambers®. Our observation of a decrease in
Dkk-1 mRNA below detection levels in control as well as MesP1-over-
expressing ES cells at day 6 of differentiation supports these findings
(not shown). In addition, the reduction of Dkk-1 mRNA to control
levels correlates with the ‘shut-off’ in MesP1 overexpression caused
by silencing of the CMV promoter described above (Supplementary
Information, Fig. S1).

On the basis of our results, we suggest that MesP1 has a key role dur-
ing the earliest time points of cardiovascular determination in the lateral
plate mesoderm (Supplementary Information, Fig. $5C). This function
seems to be highly conserved among chordates'*”-*, However, in con-
trast to our experimental conditions, ectopic heart formation in Ciona
requires a constitutively active form of Cs-MesP’. Aside from MesP1
overexpression, an induction of vertebrate myocardial tissue has only
been achieved by overexpression of GATA-5 in Zebrafish®.

It will therefore be of great interest to identify additional direct target
genes of MesP1 and factors regulating MesP1 expression. This knowl-
edge will be required to increase the yield of human cardiovascular cells
derived from ES cells for future cell therapy and tissue engineering. It
will also be of great interest to transfer this approach to various sub-
populations of human adult stem cells, whose cardiac transdifferentia-
tion potential has not yet been proven. Manipulation of these cells by
overexpression of MesP1 or other factors may help to overcome the
hurdles existing for cardiovascular differentiation of adult stem cells in
their native state.

METHODS

Plasmid construction. Human full-length MesP! cDNA was amplified from
human heart cDNA by proofreading PCR using Pfu-Polymerase (Stratagene) and
cloned in pCR-XL-Topo (Invitrogen). Subsequently, the dloned PCR fragment was
subcloned into the pIRES-EGFP-2 vector (Clontech) using Sacl and Pst1. After
sequencing, this vector was used for electroporation of GSES cells and subsequent
selection of stable clones. pEGFP-N1 served as a control transfection plasmid in
non-MesP1-overexpressing cells.

Xenopus injections. Xenopus embryos used for in situ hybridizations or movie
documentations were injected with MesP1 plasmid DNA (100 pg) at the two-cell
stage into one blastomere, according to standard protocols®. For these experi-
ments, a Globin 5"UTR cassette*” had been introduced upstream of the MesP!
cDNA to stabilize the mRNA in the Xenopus embryos. For quantitative RT-PCR,
embryos used were injected with either MesP1 mRNA (4 x 60 pg) or MesPI plas-
mid DNA (4 x 60 pgand 4 x 120 pg).

ES cell culture. Electroporation and isolation of stable clones using the mouse
ES cell line GSES were performed according to standard protocols, with
minor modifications™. Non-linearized vector (5 pg) was used for electropora-
tion (240V/500 wF) of GSES cells (5 x 10°). Transgenic ES cells were grown in
high-glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with

10% heat-inactivated ES-qualified fetal calf serum (FCS), 2 mM L-glutamine,
50 units ml"* penicillin, 50 pg ml** streptomycin, 1x non-essential amino acids,
0.4 mg ml™ geneticin (G418) (Gibco), and 0.1 mM p-mercaptoethanol (Sigma).
The cells were maintained in an undifferentiated state under feeder-free condi-
tions by addition of 1000 units m!l" purified recombinant mouse LIF (ESGRO,
Life Technologies). Cells were maintained at 37 °C in a humidified atmosphere
of 5% CO,/95% air. Monolayers were passaged by trypsinization at confluence
(70-80%). For FACS, differentiated cells were dissociated using PBS containing
5 mM EDTA, as described below. In vitro differentiation was initiated as follows:
GSES cells were collected with 0.25% trypsin-EDTA and dissociated cells were
transferred to bacteriological dishes at a density of 2 x 10° ES cells ml"! in Iscove's
modified Eagle’s medium (IMEM, Sigma) supplemented with 10% heat-inacti-
vated FCS, 2 mM L-glutamine, 50 units ml"* penicillin, 50 pg m! ! streptomycin,
1x non-essential amino acids (Life Technologies) and 450 uM a-monothioglyc-
erol (Sigma). After 2 days, EBs were transferred to new medium. At day 6, EBs
of similar size were plated on gelatin-coated tissue culture dishes. The growth
medium for the attached differentiation cultures was changed every day.

Western blotting. A peptide antibody specific for amino acids 55-69 of human
MesP1 was raised in rabbit and affinity purified. Western blotting was performed
according to standard protocols, as previously described™.

RT-PCR. Semi-quantitative RT-PCR incorporating P was performed as
described previously®. The PCR fragments corresponded to base pairs (bp)
64-189 of H4, bp 641-1058 of GATA4, bp 1332-1454 of Nkx2.5, bp 580-810
of brachyury, bp 593-831 of ANF, bp 76-226 of connexin 43, bp 3-358 of con-
nexin 45,bp 1326-1476 of Mef2c, bp 5-349 of TTR, bp 511-613 of Tnl, bp 5-260
of MLC2v, bp 65-270 of VE-cadherin, bp 4-300 of MyoD, bp 81-393 of Neuro D,
bp 315-625 of neurogenin, bp 17-356 of Cytokeratin 17, bp 66-386 of HNF-4, bp
409-721 of Octd, bp 5-271 of Nanog, bp 165-419 of Rex-1, bp 50-435 of Dkk-1
and bp99-178 of Hex. The annealing temperature was 57 °C for all primer pairs
using 25-32 cycles.

[Flow cytometry. For FACS analysis to detect EGFP expression, cells were dissoci-
ated in PBS containing 5 mM EDTA for 15 min at 37 °C after washing them twice
in PBS without calcium. Subsequently, the cells were centrifuged at 900g for 3 min
in an Eppendorf centrifuge and resuspended in 100 pl ice-cold PBS containing
2% bovine serum albumin. FACS analysis for EGFP expression was performed
immediately after this procedure. For FACS analysis of CD31/PECAM-expressing
cells, the protocol included an incubation in PE-conjugated aCD31-antibodies
(BD Pharmingen), according to the manufacturer’s protocol, before measuring.
PE-conjugated IgG. k served as isotype controls. FACS analysis for a-actinin was
performed as described previously ', using the primary antibody EA53 (Sigma-
Aldrich) and a PE-conjugated secondary antibody (BD Pharmingen). For isotype
controls, purified 1gG k was used. All FACS analyses for in vivo fluorescence
as well as surface and intracellular antigens were performed with an Epics XL
(Beckman-Coulter) using the evaluation program EXPO32ADC.

Confocal microscopic analysis. Immunostaining was performed according to
standard protocols, as described previously™. EB outgrowths seeded on 12 mm
gelatin-coated glass coverslips were rinsed with PBS fixed for 20 min at room
temperature with 3.7% formaldehyde and neutralized with 50 mM glycine. The
cells were permeabilized using 0.4% Triton X-100 in PBS and incubated with the
primary antibody in a humidified chamber at 37 °C for 2 h. After washing with
0.4% Triton X-100 and PBS, secondary Cy3-conjugated antibody was added and
the specimens were incubated for 2 h at 37 °C. Finally, the cells were washed and
mounted with Mowiol (Calbiochem).

Electrophysiological analysis. Isolation and electrophysiological analysis of
spontaneously beating cardiac cells from EB was performed based on methods
described previously™. Preparation and analysis of mouse embryonic cardiomyo-
cytes, developmental day 10, was performed as described previously”, Please refer
to Supplementary Methods for a detailed description.

Electron microscopy. For electron microscopy, the cells were cultivated on
gelatine-coated tissue slides until day 12 of differentiation, fixed in 6.25%
glutaraldehyde in Soerensen-Phosphate buffer, stained in 2% osmium (in
aqua dest. for 1 h), dehydrated in acetone and embedded in epon. By heat-
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