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Fig.4. Identification of fusion-fadlitating activity of
CD9-cantaining vesicles. (4) Estimation of the fusion-
faciiitating ability of the vesicles in sperm-egg fusion
Ag shown in the experimental design, CD% " sperm
were incubated with CD9 ' egg: (white drcles) in
media containing egg-released vesicles after the zona
pellucida was removed from these eggs. CD9 was de-
tected by anti-CD9 mAb conjugated with AlexadB8
The eggs were preloaded with DAPI before incubation
with the sperm, to allow counting of the number of
fused sperm, (Lefr) CD9 ' eggsat 1 h after incubation
with the sperm, as a negative control, Center CD9 '

#90s cultured In the medium containing CD9 collected
from wild-type eggs, (Right) CD9 7 eqgs cultured in
the medium depleted of CD9 by beads conjugated
with anti-CD'9 mAb, showing the fused spermto @ggs
{arrowhead), metaphase ll-arrested chromesomes (*),
a second polar body (open arrowhead), and CD9 trans-
located on the sperm heads (arrow). The fluorescent
zseries Images were projected as three-dimensional
images. Scale bar: 20 um. (B) Number of fused sparm
with the zona-free eggs counted at 1 h after incuba-
tion (mean SEM): CD9 ¥ eggs as a negative control
{n 51),CD9 ' eggscultured in the medium ontain-
ing €09 (n 112), and €09’ eggs cultured In the
medium depleted of CD9 by antibody-conjugated

beads (n  74). The total numbers of eggs examined are in parenthesss (C) Western biot analyzis of the media incubated with CD9
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HSPE0. Loaded samples (left to right): The medium as a negative control, the medium containing the remnant material from 40 eggs per lane {bead-untreated

and -treated), and 5 eggs per |

a3 a positive control, The albumin contalned in the medium was detected by Coomassie brilllant blue staining as an internal

control. The quantities of CD3 in the media were measured densitometrically (using National Institutes of Health Image software),
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that the decreased amount of CDY after the bead treamtment wins
svnchronized with that of & eytoplasmic chaperone, TSP (17),
but not with & mitochondrial chaperone. HSPoG (18). Our
analysis of the cgg-conditioned mediom indicated that C1)9-
containing vesicles contained 11SP90, a conserved component of

fu

ar C1D9

ate the contributiv
n, we examincd the restoration of the impaired
sperm-lusing ability in C1D9
cges expressing endogenous CIY (1
We predicted that when sperm were incubated

ol CI9-comaining vesicles o

cgs co-incubated with CDY
.3 and 54.1).
h a mixture of

exusomes (9, 10)

Fig. 5 Recovery of Impaired fusion of
CD% ' eggs with sperm by CDS-contalning
vesicles. (4) Estimation of the fusion-
facllitating ability of the vesicies in sperm-
egg fusion. As shown in the expenmental
design, sperm were incubated with a mix-
ture of CD9-expresting egg: (green crcles)
andCD2 ' eggs (redcircles) after the zona
pellucida was removed from these eggs
The eggs were preloaded with DAPI before
incubation with sperm, to allow counting
of the number of fused sperm. CD9 ' egge
were prestained with FM4-64 and thus
were easily distinguished from CD9-ex-
pressing eggs after incubation with the
sperm. (Leff) CO2 * eggsat 1 hafter incu-
bation with the sperm, as a potitive con-
trol. (Center) C09 ©0gs, a5 a4 negative
cantrol. (Right) CD9 ' eggs co-incubated
with CD9 '’ eggs, showing fused sperm o
egQ (arrowheads), metaphase ll-arrested
chromosomes (*), and extruded second po-
lar body (arrow), The fluorescent z-series
images were projected as three-dimen-
sional images. CD9 was detected by anti-
€09 mAb conjugated with AlexadBs, Scale
bar: 20 pm. (B) Numbers of futed sperm
with the zona-free eggs counted at 1 and
3 h after incubation {(mean  SEM). CD9 °
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interact with sperm, and these sperm could Juse with CDY
cges, Il sperm-fusing ability were regulated mainly by CD9.
contaming vesicles, then the number of sperm fused to Do
egps would be predicted to be almest equal to that fused o
D9 or CD9  cges coincubated with CD9 7 epps. W
counted the number of fused sperm in coincubated CDY9-
expressing cges (CD9 and €Y jand CDY eges. The
CDY eggs were prestained with FM4-64 (19), a fluorescent
dye used (o stain the membranc of live cells, and thus could be
casly distinguished from the CD9 and €19 cggs. FM4-64
did not transfer between the CD9  eges and the (19 o
CDY ° cges. As shown in the experimental design. alier the
zona pellucida was removed from the eges, CD9  eges (red
arcles) were mixed with CD9° or CID9 7 cges (green circles),
and sperm were added to the medium containing these cggs (Fig
S4). At L b alter insemination. significant fusion of sperm with
the €9 cges was fucilitated (075 < 011 and 0.50 = (.00
sperm fused per cgg), corresponding (o that in the CDY
(100 2 0.43) and CD9'" eges (125 = 0.10). At 3 h alter
imsemination, the fusion of sperm with the DY cpps was
restored (306 = 030 and 170 = 0,18 sperm fused per vgg) W
kevels comparable o those in the CD9 {200 = 0L15) and
CDY" “ eges (1,69 = 0013), We also detected a second polar body
extruding from the CD9  cags (Fig 34 Righr, wrrow). In
contrast, we did not observe the translocation of vesicles from
the €D9  and €DY" cpgs o the CDY  cggs when sperm
were not added t the mixture, even after 10 h of incubation (Fig
$413). These data demonstrate that the defect in the fusing ability
of CD9~'~ eggs s caused by dysfunction of the mechanism
facilitating the sperm-fusing activity through CD9-containing
vesicles

To further study the involvement of CD9-containing vesicles
in regulating sperm- fusing ability, we evaluated the capability of
hamster cggs in sperm—cgg fusion (I'ig. 55). Hamster eggs have
the ability to fuse with other mammalian sperm and thus are used
as a tool 1o evaluate the fusing ability of human sperm (20).
When hamster eggs were incubated with CD9-/~ eggs after the
zona pellucida was removed from these eges, the sperm-fusing
ability of these eggs was improved signilicantly. The sperm-
fusing ability acquired through the exposure to hamster eggs was
not as great as that produced by exposure to mouse cggs,
probably due to the slightly different CD9 in hamster and mouse
cggs (21). These results indicate that the function of CD9-
containing vesicles in the acquisition of sperm-fusing ability is
widely conserved in mammals.

Discussion

In sperm—cgg fusion, there is a significant direct interaction
between the cell membranes of sperm and eggs (1, 20, 22);
however, our results demonstrate that CD9-containing vesicle—
sperm interaction precedes the direct cell membrane interaction
between sperm and eggs. Based on our data, we propose that the
release of CD9-containing vesicles from eggs before fertilization
facilitates the sperm-fusing ability that renders the sperm com-
petent to fuse with CD9"~ eges (Fig. 5C). Our finding of
CDY9-EGFP in living unfertilized eggs demonstrates that CDY-
containing vesicles are present in the PVS, and that these vesicles
accumulate inside the PVS during the germinal vesicle (1) and
metaphase [l-arrested stoges (1). During this period, the cgg
undergoes drastic cytological changes with the increased num-
ber of microvilli (1, 22), predicting the correlation between
vesicle release and microvilli formation. As expected, this
correlation 1s supported by the finding that CD9 deficiency
leads not only to impaired microvilli formation (8) (15g. S2),
but also to decreased accumulation of vesicles within the PVS.
These data support the association between the release of
CD9-containing vesicles from eggs and the formation of
microvilli on the egg plasma membrane.

Miyado er al.

As reported previously, somatic cells are capable of releasing
proteins and lipids included in membrane organelles, termed
exosomes (9, 10), which are pinched out from the plasma
membrane (23). Exosomes share many additional properties
with retroviral particles, including similar lipid and protein
compositions, such as tetraspanin (23). GM3 and HSP90 are
known to be conserved components of exosomes (10). Our
results show that CD9-containing vesicles released from cggs
sharc these two components, implying that the vesicles are
“exosome-like." Previous studies of macrophages have
that exosome biogenesis occurs only by outward budding at
endosomal membranes, followed by the fusion of vesicle-laden
endosomes with the membrane (9, 23). If the CD9-
containing vesicle were derived from exosomes and generated
from the fusion of end with the pl membrane, then
the vesicles would contain some prot (9, 23), fuse with the
sperm membrane, and possibly activate the sperm fusogenic
factor(s) by enzymatic activities.

In hamster eggs, expansion of the PVS has been deemed
essential or at least beneficial to normal fertilization (20, 21, 24),
ndicating that materials involved in fusion with sperm are
released from eggs before fertilization in hamsters and in mice.
Because anti-CD9 mAbs are not available for hamster CD9, we
could not directly confirm CD9-containing vesicle release from
hamster eggs before fertilization. Instead, our co-incubation
assay demonstrated that hamster egps facilitate the fusion of
sperm with CD9 '~ eggs, indicating that hamster eggs share a
similar mechanism with mouse eggs through ege-released ma-
terials. Moreover, it has been reported that growing oocytes bind
to sperm and transfer {luorescent dyes to the sperm head (25).
At this stage, oocytes have CD9 on the cell membrane but lack
CD9-containing vesicles (I'ig. S1). We presume that the transfer
of fluorescent dye from growing oocytes to sperm heads is
mediated by CD9 on the cell membrane. Based on our findings,
we propose that the CD9-containing vesicle has an ability to
[acilitate sperm—egg fusion. This knowledge has great potential
for clinical applications, such as the induction of sperm-egg
fusion using exogenous sources.

Materials and Methods

Animals. The mice that we produced were back<rossed into a CSTBL/ genetic
background. Wild-type eggs were collected from CS7BLS females (8-12
weeks old). Wild-type sperm were obtained from the epididymides of B6C3F1
males (8-12 weeks old). Hamater eggs were obtalned commercially as frozen
unfertilized eggs (NOSAN).

Antibodies and Chemicab. Artibodies against CDS (KMC, BD PharMingen),
beta-tubulin (Tub2.1; Sigma), HSPE0 (24/HSP60; BD PharMingen), HSPS0
(16F1; MBL), and GM3 (GMRS6; Seikagaku) were uted. Antibodies labeled with
biotin by a labeling kit (Dojindo) and horseradish percxidase-conjugated
streptavidin (Sigma) were used for Western blot analysis, For immunostaining,
antibodies were labeled directly with AlexadBE and Alexa546 using labeling
kits (1 gen). FM4-64 (1 gen) was used to define the lipid bilayer of
live eggs without disturbing sperm—egg fusion (10 4M at final concentration),
We used DAPI (Invitrogen), a fluorescent dye that slowly permeates the living
cell L and dowly leaks out of cells after wasthing
relative to Hoschst3 3343 {permeable), in counting the number of sperm fused
per agg.

genic Mice, The mmﬂngmuuc‘batmodntthcﬂurm
nus with EGFP (CD9-EGFP) was subcl. d into pl a
Pip (26). The exp was d by restriction lrnzyma
ig and Inj into fertilized eggs of CS7BL/S mice, according to
standard techniques (27).

WMHMM;WW‘MHMMNpﬂM&:m

llowing d pr (27). (Primer sets are listed In Table 51).

Egg Collection. Eggs were collected from the oviduct 14-16 h after human
chorienic gonadotropin injection (4). The eggs were placed in a drop of TYH
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medium (28). Sperm collected from the epididymides were capacitated in a
100-u! drop of medium. The eggs were incubated with 1.5 10% sparmyml at
37"Cin 5% CO, and unbound sperm were washed away. The zona pelludda
was removed from the eggs with addic Tyrode's solution (4) or a plezo
manipulator (11}, A hole was punched through the zona penudnclawnhaptuo
manipulator, and the egg:s were removed. All materials were aspl d,

before observation. Cooling reduced the sperm motility. This procedure al-
lowed us to measure the CO9-EGFP fluorescence on the sperm head using a
confocal micrascope. iImages of the sperm were captured at 1 frame/s. The
average value of the fluorescent intensities of CD9-EGFP at0swas setto 100%,
and the final concentration of antibodies was adjusted to 50 ug/ml, The data
are .| ts of serial images from 15 wild-type sperm In triplicate

Iinduding the medium but not the eggs, and used as ‘remnants.”

dishes.

Immunostaining. Zona-intact live eggs were stained with diluted in
TYH medium for 30 min at 37°C, and the nonspecifically accumulated anti-
bodies in the PVS were washed away after a brief incubation (30 min) in the
medium. To measure the fluorescent intensities of GM3, three types of eggs
were stained by Alexa546-labeled anti-GM3 mAb in TYH medium for 30 min,
then washed in the medium for 30 min. Staining was visualized using a laser
scanning confocal microscope (LSM 510 META; Carl Zelss),

Electron-Microscopic Analysis. Live €ggs were incubated with ant-CD% mAb
and antirat1gG mAb tagged with 5-nm gold beads. After incubation, the eggs
were fixed by glutaraldehyde and csmic acid solutions. Ultra-thin sections
were prepared as described In ref. 29, Eggs denuded with add Tyrode's

Coll of CD9-C ing Vesicles. The cor g the vesicles was
collected from denuded wild-type eggs. The eggs were cultured in a 60-pl
drop of medium for 2 h after the 2ona pellucida was removed from the eggs.
Collecting the medium cantaining the vesicles required an Incubation time of
2 h. The collected medium was used for analysis of vesicle P s and
esvaluation of sperm-fusing ability. CD9-depleted medium was used a5 &
negative control, After the zona pellucida was ramoved fromCD2 * sggs, the
eggs were Incubated with the sperm in the medium containing CD9-
incorporated vesicles for 1 h, for comparison with the vesicle-depleted me-
dium. Details are shown in Fig, 53.

mmmmmw;ﬂwmmummwmw
1, a8 described in ref. 4. As an int: | g control, q of

solution were fixed with a3 mixture of paraformaldehyde and gl 'y
and osmic acid solutions.

in Vitro Fertilization. To observe the fusion with the sperm, 2ona-ntact and
zona-free eggs were incubated with DAPI (10 pg/mi)in the medium for 20min,
then washed before the sperm were added. This procedure allowed the
staining of only fused sperm nuclel by dyetransfer into sperm after mem-
brane fusion. At 1 hor 3h after iIncubation in 8 30-ul drop of medium, the aggs
were fixed with & mixture of paraformaldehyde and glutaraldehyde for 20
min at 4°C.

Monitoring the Association of CD9-Containing Vesicles with Spevm. Eggs col-
lected from Tg"CD9 * females were set in a 30-ul drop of TYM medium. The
sperm were added to the eggs at a final concentration of 1.5 10%ml after
incubation in the medium for 2 h, Posts of latex beads were dep d d

Ik Included in the medium were i “lnlngf brilliant
blue staining. Detalls are shown in Fig. 5%.

Coincubation of Two Types of Eggs. CD9 ' eggs and CDS-expressing eggs
(CD9*~ and CD9*'* ) were incubated In each 30-ul drop of medium after the
zona pellucida was removed from these #ggs. At 2 h after incubation, the
CD9'~ eggs were added Into the cultured medium of the CD9-expressi
mw-aﬁoﬂmmwﬂmmﬂﬂmmwwﬁnum
lrlcubuhdhtl or 3 h, Details are shown In Fig. 544, The frozen hamster eggs
also were Incubated with the D2/~ eggs and wild-type sperm for 1 h. The
zona pellucida of frozen hamster eggs was hardened, and remaving the zona
pellucida using acid Tyrode's solution took § min. Detalls are shown inFig. S5A.

mmm“ upp d by a F y Ri h for

the eggs. A glass coversiip was carefully pressed down onto the posts until the
egg were fixed. The medium containing eggs and sperm was cooled to 10°C
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IGFBP-4 is an inhibitor of canonical Wnt signalling

required for cardiogenesis

Weidong Zhu'#, Ichiro Shiojima’*, Yuzuru Ito®®, Zhi Li', Hiroyuki lkeda', Masashi Yoshida', Atsuhiko T. Naito',
Jun-ichiro Nishi', Hiroo Ueno®, Akihiro Umezawa®, Tohru Minamino', Toshio Nagai', Akira Kikuchi®,

Makoto Asashima™®’ & lIssei Komuro'

Insulin-like growth-factor-binding proteins (IGFBPs) bind to and
modulate the actions of insulin-like growth factors (IGFs)'.
Although some of the actions of IGFBPs have been reported to
be independent of IGFs, the precise mechanisms of IGF-independ-
ent actions of IGFBPs are largely nnknown'”. Here we report a
previously unknown function for IGFBP-4 as a cardiogenic growth
factor. IGFBP-4 enhanced cardiomyocyte differentiation in vitro,
and knockdown of Igflp4 ant ted cardiomyogenesis both in
vitroand in vive. The cardiogenic effect of IGFBP-4 was independ-
ent of its IGF-binding activity but was mediated by the inhibitory
effect on canonical Wnt signalling. IGFBP-4 physically interacted
with a Wnt receptor, Frizzled 8 (Frz8), and a Wnt co-receptor, low-
density lipoprotein receptor-related protein 6 (LRP6), and inhib-
ited the binding of Wnt3A to Frz8 and LRP6. Although IGF-inde-
pendent, the cardiogenic effect of IGFBP-4 was attenuated by IGFs
through IGFBP-4 sequestration, IGFBP-4 is therefore an inhibitor
of the canonical Wnt signalling required for cardiogenesis
and provides a molecular link between IGF signalling and Wnt
signalling.

The heart is the first organ to form during embryogenesis, and
abnarmalities in this process result in congenital heart diseases, the
most common cause of birth defects in humans’. Molecules that
mediate cardiogenesis are of particular interest because of their
potential use for cardiac regeneration™’, Previous studies have shown
that soluble growth factors such as bone morphogenetic proteins
(BMPs), fibroblast growth factors (FGFs), Wnts and Wnt inhibitors
mediate the tissue interactions that are crudial for cardiomyocyte
specification™'. We proposed that there might be additional soluble
factors that modulate cardiac development and/or cardiomyocyte
differentiation.

PI19CLA cells differentiate into cardiomyocytes with high efficiency
in the presence of 1% dimethylsulphoxide (DMSO)", We cultured
P19CL6 cells with culture media conditioned by various cell types in
the absence of DMS0, and screened the cardiogenic activity of the
conditioned media. The extent of cardiomyocyte differentiation was
assessed by the immunostaining with MF20 monoclonal antibody
that recognizes sarcomenic myosin heavy chain (MHC). Among the
several cell ypes tested, culture media conditioned by a murine stro-
mal cell line OP9 induced cardiomyocyte differentiation of P19CL6
cells without DMSO treatment (Fig. 1a, lelt und middle panels).
Increased MF20-positive area was accompanied by the induction
of cardiac marker genes such as aMHC, Nkx2.5 and GATA-4, and
by the increased protein levels of cardiac troponin T (CT'nT) (Fig. 1a,

right panel). In contrast, culture media conditioned by COS7 cells,
mouse embryonic fibroblasts, NIHATS cells, Hela cells, END2 cells
(visceral endoderm-like cells), neonatal rat cardiomyocytes and neo-
natal rat cardiac fibroblasts did not induce cardiomyocyte differenti-
ation of P19CL6 cells in the absence of DMSO (Fig. 1a and data not
shown). From these observations, we posiulated that OP9 cells
secrete one or more cardiogenic growth factors.

To identify an OP9-derived cardiogenic factor, complementary
DNA clones isolated by a signal sequence trap method from an
OPY cell <DNA library” were tested for their cardiogenic activities
by transient transfection. When available, recombinant proteins were
also used to confirm the results. Among candidate factors tested,
1GFBP-4 induced cardiomvocyte differentiation of P19CL6 cells, as
demonstrated by the increase in MF20-positive area and the induc-
tion of cardiac markers (Fig. 1b). We also cultured P19CL6 cells with
OP9-canditioned media pretreated with an anti-IGFBP-4 neutral-
izing antibody. The application of an anti-1GFBP-4 neutralizing anti-
body attenuated the efficiency of cardiomyocyte differentiation
induced by OP9-conditioned media (Fig. 1¢), These findings strongly
supgest that IGFBP-4 is a cardiogenic factor secreted from OP9 cells.

Because IGFRPs have been characterized as molecules that bind 1o
and modulate the actions of 1GFs, we tested whether IGFBP-4 pro-
motes cardiogenesis by either enhancing or inhibiting the actions of
IGFs. We first treated P19CL6 cells with a combination of anti-1GF-1
and 1GF-11-neutralizing antibodies or a neutralizing antibody against
type-1 IGF receptor. If IGFBP-4 induces cardiomyocyte differenti-
ation by inhibiting 1GF signalling, treatment with these antibodies
should induce cardiomyocvte differentiation and/or enhance the
cardiogenic effecis of IGFBP-4. In contrast, il IGFBP-4 promotes
cardiogenesis by enhancing IGF signalling, treatment with these anti-
bodies should attenuate IGFBP-4-mediated cardiogenesis. However,
treatment with these antibodies did not affect the efficiency of
IGFBP-4-induced cardiomyocyte differentiation (Fig. 1d and data
not shown). Treatment of P19CL6 cells with 1GF-1 and [GF-11 also
did not induce cardiomyocyte diflerentiation (data not shown).
Furthermore, treatment with an 1GFBP-4 mutant (1GFBP-4-H74P;
His 74 replaced by Pro)” that is unable to bind IGFs induced cardi-
omyocyte differentiation of P19C1L6 cells even more efficiently than
wild-type IGFBP-4 (Fig. 1e). This is presumably due to the sequest-
ration of wild-type IGFBP-4 but not mutant IGFBP-4-H74P by
endogenous 1GFs. In agreement with this idea, exogenous 1GFs atte-
nuated wild-type IGFBP-4-induced but not IGFRP-4-H74P-induced
cardiogenesis (Fig. 11). Taken together, these observations indicate
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Figure 1| IGFBP-4 promotes cardiomyocyte differentiation in an IGF-
manner. a, Culture media conditioned by OP9 cells but not by

COS7 cells induced cardiomyocyte differentiation of PI9CLE cells as

d by MF20+ area, cardiac marker-gene expression and ¢TnT
protein expression. Sulli: bar, 100 pm. Error bars show s.d. b, Treatment with
IGFBP-4 (1 pgml ') induced cardiomyocyte differentiation of P19CL6 cells
in the absence of DMSO. Error bars show s.d. €, Treatment wilh a
1-u-uh':ii;m'|gr antibody against IGFBP-1 (anti-BP4; 10 pgml ') attenuated
[ vocyte diffi iation of PI9CLS6 cells induced by OP9-conditioned
media. Error bars show s.d. d, Treatment with neutralizing antibodies
against 1GF-1 and 1GF-11 (anti-1GFs; 5 j.t;ml ! cach) had no effect on
IGFBP-4-induced cardi yte differ n of P19CLA cells. Ervor bars
show s.d. e, Mutant IGEBP-4 (BPA{H74P)) 'Ihnl is incapable of binding 1o
1GFs retained cardiomyogenic activity. Error bars show s.d. f, IGFs (100
ngml ' each) attenuated wild-type IGFBP-4-induced but not mutant
1IGFBP-1-H74P-induced cardiomyocyte differentiation of P19CL6 cells.
Error bars show s.d.

that IGFBP-4 induces cardiomyocyte differentiation in an IGF-inde-
pendent fashion.

To explare further the mechanisms by which 1GFBP-4 induces
cardiomyogenesis, we tested the hypothesis that IGFBP-4 might
modulate the signals activated by other secreted factors implicated
in cardiogenesis. It has been shown that canonical Wnt signalling is
crucial in cardiomyocyte differentiation™. In P19CL6 cells, Wnt3A
treatment activated f-carenin-dependent transcription of the
TOPFLASH reporter gene, and this activation was attenuated by
IGFBP-4 (Fig. 2a). Wnt/f-catenin signalling is transduced by the
cell-surface receptor complex consisting of Frizzled and low-den-
sity-lipoprotein receptor (LDLR)-related proten 5/6 (LRP5/6)"
and 1GFBP-4 attenuated TOPFLASH activity enhanced by the
expression of LRP6 or Frizzled 8 (Frz8) (Fig. 2a). As a contral,
IGFRP-4 did not alter BMP-mediated activation of 2 BMP-respons-
ive reporter BRE-luc (Supplementary Fig. 1b). These findings sug-
gest that IGFBP-4 is a specific inhibitor of the canonical Wnt
pathway. To examine this possibility in vive, we performed axis
duplication assays in Xenopus embryos. Injection of Xwnt8 or Lrpé
MRNA cansed secondary axis formation, and injection of Xenopus
IGFBP-4 (XIGFBP-4) mRNA alone had minimal effects on axis

formation. However, Xwnt8-induced or LRP6-induced secondary
axis formation was efficiently blocked by coexpression of XIGFBP-4
(Fig. 2b, ¢, indicating that IGFBP-4 inhibits canonical Wnt sig-
nalling in vivo, To explore the mechanisms of Wnt inhibition by
IGFBP-4, Xenopus animal cap assays and TOPFLASH reporter
gene assays were performed. In animal cap assays, IGFBP-4
inhibited LRP6-induced but not P-catenin-induced Wnt-target
gene expression (Supplementary Fig. 1<), Similarly, 1IGFBP-4 atte-
nuated Wnt3A-induced or LRP6-induced TOPFLASH activity but
did not alter Dishevelled-1 (Dvl-1)-induced, LiCl-induced or
p-catenin-induced TOPFLASH activity (Supplementary Fig. 1d,
e). These findings suggest that IGFBP-4 inhibits canonical Wnt
signalling at the level of cell-surface receptors. To examine
whether IGFBP-4 antagonizes Wnt signalling via direct physical
interaction with LRP5/6 or Frizzled, we produced conditioned
media containing the Myc-tagged extracellular portion of LRP6
(LRP6N-Myc), the Myc-tagged cysteine-rich domain (CRD) of
Frz8 (Frz8CRD-Myc), and V5-tagged IGFBP-4 (IGFBP-4-V5).
Immunoprecipitation (IP)/western blot experiments revealed that
IGFBP-4 interacted with LRP6N {HE, 2d) and Frz8CRD (Fig. 2e).
A liquid-phase binding assay with *“I-labelled IGFBP-4 and con-
ditioned media containing LRP6N-Myc or Frz8CRD-Myc
demonstrated that the interaction between IGFBP-4 and LRP6N
or FrzBCRD was specific and saturable (Fig. 2f, g). A Scarchard
plot analysis revealed two binding sites with different binding
affinities for LRP6N (Fig. 2f, inset) and a single binding site
for FrzBCRD (Fig. 2g, inset). A similar binding assay with '*I-

labelled Wnt3A demonstrated that 1GFBP-4 inhibited Wnt3A
binding to LRP6N (Fig. 2h) and Frz8CRD (Fig. 2i), and a
Lineweaver-Burk plot revealed that IGFBP-4 was a competitive
inhibitor of the binding of Wnt3A to Frz8CDR (Supplementary
Fig. 2a). IP/western blot analyses with various deletion mutants
of LRP6 and IGFBP-4 revealed thar IGFBP-4 interacted with
multiple domains of LRP6 and that the carboxy-terminal thyr-
oglobulin domain of IGFBP-4 was required for 1GFBP-4 binding
to LRP6 or Frz8CRD (Supplementary Fig. 2b-{). It has been
shown that inhibition of canonical Wnt signalling promotes car-
diomyocyte differentintion in embryonic stem (ES) cells and in
chick, Xenopus and zebrafish embryos*'"™"", These results therefore
collectively supgest that IGFBP-4 promotes cardiogenesis by ant-
agonizing the Wnt/B-catenin pathway through direct interactions
with Frizzled and LRP5/6.

Next we investigated the role of endogenous IGFBP-4 in P19CL6
cell differentiation inio cardiomyocytes. Reverse transcriptase-
mediated polymerase chain reaction (RT-PCR) analysis revealed
that the expression of Jgfbp4 was upregulated during DMSO-induced
P19CL6 cell differentiation (Fig. 3a), Expression of Igfbpi and Igfbp5s
was also upregulated in the early and the late phases of differenti-
ation, respectively. Expression of Igfbp2 was not altered, and that of
Igfbpl or Igfhpéwas not detected. When IGFBP-4 was knocked down
by two different small interfering RNA (siRNA) constructs, DMSO-
induced cardiomyocyte differentiation was inhibited in both cases
(Fig. 3b). In contrast, knockdown of Igfbp3 or Igfhp5 did not inhibit
DMSO-induced cardiomyocyte differentiation (Fig. 3b, right panel).
Treatment with an anti-IGFBP-4 neutralizing antibody also blocked
DMSO-induced cardiomyocyte differentiation ( Fig. 3c). Secretion of
endogenous IGFBP-4 is therefore required for the differentiation of
P19CL6 cells into cardiomyocytes. Immunostaining for 1GFBP-4
revealed that cardiac myocytes were surrounded by the 1GFBP-4-
positive cells, suggesting that a paracrine effect of IGFBP-4 on cardi-
omyocyte differentiation is predominant (Fig. 3d). Essentially the
same results were obtained in ES cells (Supplementary Fig. 3d-g).
To investigate whether 1GFBP-4 promotes the differentiation of
P19CLA cells into cardiomyocytes by the inhibition of the canonical
Wnt pathway, we expressed dominant-negative LRP6 (LRP6N) in
P19CL6 cells. Expression of LRP6N enhanced cardiomyocyte differ-
entiation of P19CL6 cells and reversed the inhibitory effect of Igfbp4
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knockdown on cardiomyogenesis (Fig. 3¢). These observations sug-
gest that endogenous IGFBP-4 is required for cardiomyocyte differ-
entiation of P19CL6 cells and ES cells, and that the cardiogenic effect
of IGFBP-4 is mediated by its inhibitory effect on Wnt/B-catenin
signalling.

The role of endogenous IGFBP-4 in cardiac development in vivo
was also examined with Xenopus embryos. Whole-mount it situ
hybridization analysis revealed that strong expression of XIGFBP-4
was detected at stage 38 in the anterior part of the liver adjacent 1o the
heart (Fig. 4a). Knockdown of XIGFBP-4 by two different morpho-
lino (MO) constructs resulted in cardiac defects, with more than 70%
of the embryos having a small heart or no heart (Fig. 4b). The spe-
cificity of MO was confirmed by the observation that simultaneous
injection of MO-resistant XIGFBP-4 cDNA rescued the MO-induced
cardiac defects (Fig. 4b, Supplementary Fig. 4¢). Coexpression of
IGF-hinding-defective XIGFEP-4 mutant (XIGFBP-4-H74P) or

=

TOPFLASH activity

dominant-negative LRP6 (LRP&N) also rescued the cardiac defects
induced by XIGFBP-4 knockdown (Fig. 4b), whereas overexpression
of Xwni8 in the heant-forming region resulted in cardiac defects
similar to those induced by XIGFBP-4 knockdown (Supplementary
Fig. 4d-1), supporting the notion that the cardiogenic effect of
IGFBP-4 is independent of IGFs but is mediated by inhibition of
the Wnit/P-catenin pathway. The temporal profile of cardiac defects
induced by XIGFBP-4 knockdown was also examined by in situ
hybridization with carduac troponin I (cTnl) (Fig. 4¢). Al stage 34,
maorphology of the heart was comparable between control embryos
and MO-injected embryos, However, at stage 38, when XIGFBP-1
starts to be expressed in the anterior part of the liver, the expression of
¢Tnl was markedly attenuated in MO-injected embryos; expression
of ¢Tnl was diminished and no hean-like structure was observed at
stage 42. Thus, the heart is initially formed but its subsequent growth
is perturbed in the absence of XIGFBP-4, suggesting that IGFBP-4

8
8 UE
4
4 ’i 0
2 g 20
" a | -
Wnila - +4 44 44 XwhiSipg) - 1 % 04040101 - - LAPEng - 0505 0505
LAPE == == &4 == Poaling) - 2 - 2 - 2 =2 - Pl - 01 - 1 -
Frzl -= == == +4 XBPA(NG) - - 2 - 2 - 2 - 2 XBPA(M® - - 01 - 1
BF4 - +
d P Mye P Vs . P Mye P VS
BVvs BT - s |- —P
1B Myo EE - e ocvc ] EENEEL W - foscrD
LY 7% e = Hl = b + & = & # =
B+ - & + = + BPd + - & +$ =
t a
______-
— 9,000 ==
8,000 -
008 ‘ i
E:.‘m o.08 £ 000 0.08 \\'
by o04| W =0170M & oos| :wism
0.02| - Kga= 6.87M 3,000 0.02 ‘
2,000 e & >~
% 26 a0 80 80 % 20 40 60 80100720
Bound (pM) 8 Baund (pM)
% W w ® 1w 120 20 40 60 8 100 120
1251GFBP-4 (n) 125IGFEP-4 (ni)
h 1
4,000 3,000
2,000
2,000
ﬁf_tm 5
I 5
1,000
1,000
o 0
LRPEN + + + + FrIscRD + + + *
Wnt3A(nM) 2 2 2 2 WhisAMM) 2 2 2 2
IGFBR-4(nM) - 2 10 20 IGFRP-4(M) - 2 10 20

Figure 2 | IGFBP-4 inhibits Wnt/[l-catenin signalling through direct
interactions with Wnt receptors, a, IGFBP-1 allenualed [=aatenin-
dependent transcription in P19CL6 cells. P19CL6 cells were transfected with
"TOPFLASH reporter gene and expression vectors for LRP6 or Frefl, and then
treated with Wnt3A or Wni3A plus IGFBP-4; luciferase activities were then
measured. Error bars show s.d. b, XIGFBP-4 (XBP4) inhibited Xwni8-
induced secondary-axis formation in Xenopus embryos (n = 20 for each
group). €, IGFBP-1 inhibited LRPS-induced secondary-axis formation in
Xenopus embryos (n = 30 for cach group). d, e, IGFBP-1 interacted directly

wllh LRP6N Idl and Frz8CRD (e). 1B, immunoblotting: IP,

ion. f, A binding assay between “*I-labelled IGFBP-4 and
LRP&N, 1 heinset isa Scatchard ]1|ol showing lwo bmdmg sites with different
binding affinitics. g A binding assay between ' labelled 1GFBP-A and
Frz8CRD, The inset is a Scatchard plot showing a single binding site.
h, i, IGEBP-4 inhibited Wnt3A binding to LRP6N (h) or Frz8CRD T} g 5
labelled Wint3A binding to LAP&N or FraS8CRID was assessed in the presence
of increasing amounts of IGFBP-1.
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promotes cardiogenesis by maintaining the proliferation and/or sur-
vival of embryonic cardiomyocytes.

It has been shown that canonical Wnt signals inhibit cardiogenesis
in chick and frog embryos, and that Wnt antagonists such as Dkk1
and Crescent secreted from the anterior endoderm or the organizer
region counteract the Wnt-mediated inhibitory signals and induce
cardiogenesis in the anterior lateral mesoderm®. However, IGFBP-4-
mediated Wnt inhibition is required at later stages of development,
when the heart is already formed at the ventral portion and starts to
grow and remodel Lo maintain embryonic circulation. It has been
shown that Wnt/fl-catenin signalling has time-dependent effects on
cardiogenesis in ES cells: canonical Wnt signalling in the early phase
of ES-cell differentiation promotes cardiomyogenesis, whereas it
inhibits cardiomyocyte differentiation in the late phase'™ ", In agree-
ment with this notion, IGFBP-4 promoted cardiomyocyte differenti-
ation of ES cells only when IGFBP-4 was applied in the late phase
after embryoid body formation (Supplementary Fig. 3a-c). Similar
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Figure 3 | IGFBP-4 is required for the differentiation of P19CL6 cells into
cardiomyocytes. a, Expression analysis of IGFBP fumily members by
RT-PCR during DMSO-induced cardiomyocyte differentiation of P19CL6
cells {from day 0 to day 8). b, Left: knockdown of Igflip4 in P19CL6 cells
attenuated cardiac marker expression in response to trealment with DMSO.
BP4-1 and BP4-2 represent two different siRNAs for IGFBP-4. Right:
knockdown of Igfbp3 or Igfbp5 had no effect on ¢TnT expression in response
o DMSO treatment, €, Ircumlml with a neutralizing antibody against
IGFBP-A (anti-BP4; 40 pgml ™ '} attenuated DMSO-induced cardiomyocyte
differentiation of P19CL6 cells. Error bars show s.d. d, IGFBP-4
immunostaining during DMSO-induced differentiation of P19CL6 cells
stably transfected with eMHC—green fluorescent protein (GFP) reporter
gene. Top left, IGFBP-4 staining (red); top right, GFP expression
representing differentinted cardiomyocytes; bottom left, nuclear staining
with DAP1 {4° 6-diamidino-2-phenylindole); bottom right, a merged
picture. Scale bar, 100 pm. e, Attenuated cardiomyocyte differentiation of
P19CL6 cells by Igfbp4 knockdown was rescued by inhibiting Wnt/ fi-catenin
signalling. Control and Igflip4-knocked-down P19CL6 cells were transfected
with an expression vector for GFP or LRP6N (a dominant-negative form of
LRPF6) and induced to differentiate into cardiomyocytes by treatment with
DMSO. LRPoN overexpression rescued the attenuated cardiomyocyte
differentiation induced by Igfhpd knockdown as assessed by MF20-positive
area (left panel), cardiac marker-gene expression and ¢TnT protein
expression {right panel). Error bars show s.d.
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time-dependent effects of Wnt/p-catenin signalling on cardiogenesis
has been shown in zebrafish embryos'. Moreover, several recent
reports suggest that Wnt/p-catenin signalling is a positive regulator
of cardiac progenitor-cell proliferation in the secandary heart field"
It therefore seems that canonical Wnt signalling has divergent effects
on cardiogenesis at multiple stages of development: first, canonical
Wnt signalling promotes cardiogenesis at the time of gastrulation or
mesoderm specification; second, it inhibits cardiogenesis at the time
when cardiac mesoderm is specified in the anterior lateral mesoderm;
third, it promotes the expansion of cardiac progenitors in the sec

ondary heart field; and fourth, it inhibits cardiogenesis at later stages
when the embryonic heart is growing. Tt is interesting to note that
IGFBP-4 is expressed predominantly in the liver. Mouse 1GFBP-4 is
a Stage 34
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Figure 4 | IGFBP-4 is required for the maturation of the heart in Xenopus
embryos. a, In situ hybridization analysis of Nkx2.5 (an early cardiac
marker ), cTnl (a mature cardiac marker), Hex (a liver marker), and XIGFBP-
4 (XBP4) mRNA expression at stages 34, 38 and 42, b, Knockdown of
XIGFBP-4 by two different morpholines (MO1 and MO2) resulted in severe
cardiac defects as assessed by ¢Tnl in situ hybridization at stage 42 (left).
These cardiac defects were rescued by simultaneous injection of MO-
resistant wild-type XIGFBP-1, mutant XIGFBP-A-H74P (BP4(H74P) and
LRP6N (n = 30 for each group). ¢, Temporal profile of cardiac defects
induced by XIGFBP-4 knockdown. Morphology of the heart as assessed by
cTnl in situ hybridization was almost normal at stage 34 but was severcly
perturbed at stages 38 and 42. The right column shows sections of control
and MO-injected embryos. The arrow indicales the heart in control
embryos, No heart-like structure was observed in MO-injected embryos.
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also strongly expressed in the tissues adjacent to the heant such as
pharyngeal arches and lnmr bud at embryonic day (E)9.5

(Supplementary Fig. 3h). These observations and the results of
IGFBP-4 immunostaining in P19CL6 cells and ES cells suggest that
IGFBP-4 promotes cardiogenesis in a paracrine fashion. Together
with a previous report showing that cardine mesoderm secretes
FGFs and induces liver progenitors in the ventral endoderm'’, these
ohservations suggest that there exist reciprocal paracrine signals
between the heart and the liver that coordinately promote the
development of each other.

IGFBPs are ¢ d of six bers, IGFBP-1 to IGFBP-6.
Reporter gene assays and f-catenin stabilization assays revealed that
IGFBP-4 was the most potent canonical Wnt inhibitor and that
IGFBP-1, 1GFBP-2 and 1GFBP-6 also showed modest activity in
Wt inhibition, whereas IGFBP-3 and IGFBP-3 had no such activity
(Supplementary Fig. Su-c). In agreement with this, IP/western blot
analyses demonstrated that IGFBP-1, IGFBP-2, IGFBP-4 and IGFBP-
6 but not 1GFBP-3 ar IGFBRP-5 interacted with LRP6 or Frz8CRD
(Supplementary Fig. 5d, e). Thus, the lack of cardiac phenotypes in
IGFBP-4-null mice or IGFRP-3/1GFBP-4/1GFBP-5 triple knockout
mice' may be due 1o genetic redundancies between IGFBP-4 and
other 1GFBPs such as IGFBP-1, IGFBP-2 and/or IGFBP-6.

‘The identification of IGFBP-4 as an inhibitor of Wnt/B-catenin
signalling may also have some implications for cancer biology'. It
was shown that treatment with IGFBP-4 reduces cell proliferation in
some cancer cell lines in vitro, and that overexpression of IGFBP-4
altenuates the growth of prostate cancer in vive. Decreased serum
levels of 1GFBP-4 are associated with the risk of breast cancer,
Because the activation of Wnt signalling is implicated in several
forms of malignant tumours'™ ", it is possible that the inhibitory
effect of IGFBP-4 on cell proliferation is mediated in part by the
inhibition of canonical Wnt signalling,

METHODS SUMMARY
Cell culture, P19CLo cells and ES cells were cultured and induced to dffe
into cardiomyocytes essentially as described™™, PI9CL6 cells (2,000 cells per 35-
mm dish) were treated with various conditioned media for screening ol their
cardiogenic activities. For siRNA-medisted knockdown, pSIREN-Remrol) vec-
tors (Clontech ) ligated with doubl, ded ali leotides were transfected
intoy P19CL6 cells or ES cells, and pummy\:ln-udmn clones were selected.
1Py n blot analyses and binding assays. Conditioned media for IP/west-
ern blot analyses were procluced by using 293 cells. Rinding reactions were
perfurmed overnight at 4°C. “1-labelling of IGFEP-4 and WniJA was per-
formed with IODO-BEADS Iodination Reagent (Pierce). A liguid-phase binding
nny wis Pﬂfﬂﬂnﬁl exsentially as described™,

Axis duplication assays, animal cap assays, and in sitn
h)*bfit.ﬂnﬂm analyses in .\m--pus were performed esentially as described™,
Blectroporation of mRNA was performed at stage 28 essentially as described™.

Full Mathods and any sssocisted roferences are svallable in the online version of
the paper at www.nalure.com/nature
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METHODS

Plasmids and reagents. ¢<DINA clones encoding mouse 1GFBPs and Xenopus
IGFBP-4 were purchased from Open Biosystems. XIGFBP-4-H74P mutant was
generated with a QuickChange Site-Directed M is kat ($ 1, His-
tagged human wild-type IGFBP-4 and mutant IGFBP-4-H74P (vectors provided

beads. For a competitive binding assay, conditioned media containing
LRPEN-Myc or Frz8CRD-Myc were mixed with '**1-labelled Wnt3A and unla-
belled IGFBP-4, and incubated overnight at 4 C. LRPEN-Myc or FrzBCRD~
Myc was then immunoprecipitated and the radioactivity of bound Wnit3A was
measured.

v .

and mouse hoiurhybrﬁlluliun malyals. Axisdn.plh-

by X. Qin)® were produced and purified with HisTrap HP Kir (Amersham). Full-
length Frz8, Frz8CRD and LRP6N were provided by X. He™®. Full-length LRP6,
membrane-bound forms of LRP6 deletion mutanis, and Dkkl were from C
Niehrs™, pXwnif and pCSKA-Xwnt§ were from |. Christian®. pCS2-fi-catenin
was from D, Kimelman™, «MHC-GFP was from B, Fleischmann®. BRE-luc was
from P. ten Dijke™, pCGN-Dvl-1 was described previously™. Soluble forms of
LIP6 deletion mutants and probes for in situ hybridization analysis (Nkx2.5.<Tnl
and Hex) were generated by PCR. IGFRP-4, Wni3A. IGF-1. IGF-1l and BMP2
were from R&D. Neutralizing antibodies were from RE&D (anti-IGFBP-4), Sigma
(anti-IGF-1 and anu-1GF-II), md Onmgmc (ml:l-lrpe—l 1GF receptor). The mn-
g and |

tion mrl. nnlnulupmunndmm:ﬁ brridi were
peﬂ"onmd essentially as described™. Twu mdcpmrkm <DNAs fw XIGFBP4,
King. froi 1 were identified by 5°

rlpld amplification ‘of cDNA ends (Supplmnlurr Fig. 4a). Two different
MOs targeting both of these two IGFBP-4 transcripis were designed (Gene
Tools) (Supplementary Fig 4a and Supplementary Table 2), MO-sensitive
XIGFBP-4 <DNA including a 41-base-pair 3'-untranslated region (UTR) was
generated by PCR. MO-resistunt XIGFBP-4 ¢DNA (wild-type and H74P
) was ge d by i ducing five silemt in the MO target

and excluding the 5'-UTR (Supplementary Fig. 4a). Ta determine the

bodies used lor
were from Tnvitrogen (al\li My\ wnti-V5), Santa Cruz lnuLi-:Tn‘l’ anti-IGFBP-
4, anti-topolsomerase 1 (TOPO-1)), Sigma (anti-f-actin, anti-fi-catenin. lmi-
FLAG (M2)) and Develop | Studies Hybrid Bank (anti

:pe-rH'miy of MOs. MO-sensitive or MO-resistant XIGFBP-4-myc mRNA was
injocm'] inta Xenopus embryos with or without MOs, and protein/mRNA
was analysed. PCR pri and PCR conditions are listed in

myosin heavy chain (MF20)),
Cell culture experiments. P19CL6 cells and ES cells were cultured and induced
o dhilfe into cardi ially as described™”®. P19CL6 cells
(2,000 cells per 35-mm dish} were treated with various conditioned media for
screening of their cardiogenic activities. P19CLG cells or ES cells stably trans-
fected with *MHC promoter driven-GFP were generated by transfection of
aMHC-GFP plasmid into P19CL6 cells or ht7 ES cells followed by G418 selec-
tion. Luciferase reporter gene assays. western blot analyses, immunostaining and
RT-PCR were performed as described™, Reporter gene assays were repeated at
least three times. PCR primers and PCR conditions are listed in Supplementary
Table 1. For siRNA-mediated knockdown. stRNAs were expressed with pSIREN-
RetroQ) vector (Clontechl. Oligonucleotide sequences used are listed in
Supplementary Table 2. pSIREN-RetroQ vectors ligated with double-siranded
uhsnnucleoudummw into PI19CL6 cells or ES cells, and puromycin-
clones were isolated and ded. For i-catenin stabilization assays.
nuclear exiracts of L cells mrtpwpu'd with NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Prerce). Data are shown as means and s.d.
IP/western blot analyses and binding assays, Conditioned media for IP/west-
ern blot analyses containing full-length or various deletion mutants of IGFEPs,
LRPG,FrﬂCRDmd Dkki mpmdwedwil.h Hiu!k. Binding reactions were
ightatd “C 1 was performed with Protein
G-Sepharose 4 Fast Flow (Amersham). '~1-labelling of IGFBP-4 and Wnt3A was
performed with TODO-BEADS Jodination Reagent (Pierce). A liquid-phase
binding assay was performed essentially as described"”. In brief. conditioned
media containing LRPEN-Myc ar Frz8CRD-Myc were mixed with various con-
centrations of '*I-labelled IGFBP-4 and incubated overnight ot 4 °C. LRP6N-
Mye or Fre8CRD=My< was immunoprecipitated and the radioactivity of bound
IGFBP-4 was measured afler extensive washing of the Protein G-Sepharose

Su'pplmazm:y'l'ahlz 1.MOs and plasmid DNAs were injected at the cight-cell
stage into the dorsal region of two dorsal-vegetal blastomeres fated (o be heart
and liver anlage. Electroporation of mRNA was performed essentinlly as
described”, Injection of mRNA (Sng in 5nl of solution) into the vicinity of
heart anlage and application of electric pulses were performed at stage 28.
Whole-molnt in situ hybridization analysis of murine IGFBP -4 was performed
a8 described™.
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ABSTRACT

Stem cell therapy can help repair damaged heart tissue. Yet
many of the suitable cells currently identified for human use
are difficult 1o obtain and involve invasive procedures. In
our search for novel stem cells with a higher cardiomyogenic
potential than these available from bone marrow, we dis-
covered that potent cardine precursor-like cells can be har-
uuied !rnm human menstrual blood. This represents a new,

asive, and source of cardine stem cell thera-
peutic material. We demonstrate that menstrual blood-de-
rived mesenchymal cells (MMCs) began beating spontane-
ously aflter induction, exhibiting cardiomyocyte-specific
action potentials. Cardiae troponin-1-positive cardiomyo-
cytes accounted for 27%-32% of the MMCs in vitro. The
MMCs proliferated, on average, 28 generations without af-
fecting cardiomyogenic transdilferentiation ability, and ex-
pressed mRNA of GATA- before cardiomyogenic induc-

tion. Hypothesizing that the majority of cardiomyogenic
cells in MMCs originated from detached uterine endome-
trinl glands, we established monoclonal endometrial gland-
derived mesenchymal cells (EMCs), 76%<97% of which
transdifferentiated into cardiac cells in vitro. Both EMCs
and MMCs were positive for CD29, CD105 and negative for
D3, CD45. EMCs engrafted onto a recipient's heart using
a novel 3-dimensional EMC cell sheet manipulation trans-
differentiated into cardiac tissue layer in vivo. Transplanted
MMCs also significantly restored impaired cardiac func-
tion, decreasing the myocardial infarction (MI) area in
the nude rat model. with tissue of MMC-derived cardio-
myocytes observed in the M1 area in vive. Thus, MMCs

ppear to be a potential novel, easily nccessible source of
material for cardiac stem cell-based therapy. STEM
CELLS 2008:26:1695-1704

Iisclosure of potential conflicts of interest is found at the end of this article.

B INTRODUCTION |

Marrow-derived mesenchymal stem cells (MSCs) are a potential
cellular source for stem cell-based therapy, since they have the
ability to differentinte into cardiomyocytes [ 1, 2], use of MSCs
presents po ethical problems, and autologous MSCs have been

imjected into ischemue hearts climcally [3]. Direct injection of
MSCs e the heant has been shown 1o be feasible in vivo [4-7],
but with limited effect. The reason [or this may be the extremely
low mate of cardiomyogenesis exhibiled by mamow-derived
MSCs 2], with caniae function improvement due 1o grafted
MSCeinduced neovascularization [7, 8] and an antiapoplotic
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effect on infarcted cardiomyocytes [9, 10]. To further improve
prospects of restoring cardiac function, a search was initiated for
another source of cells having high cardiomyogenic potential.

Our previous study showed that umbilical cord blood-de-
rived mesenchymal stem cells (UCBMSCs) [11] and placental
chononie plate cells (PCPCs) | 12] have a phenotype of mesen-
chymal cells and have higher cardiomyogenic differentiation
ability in vitro, Since these materials are deemed medical waste
and can be obtained without any ethical problems, they may be
a suitable stem cell source for candiae regenerative therupy. Bul
the population of UCBMSCs in umbilical cord blood is scamt
[13] and there is also a problem in establishing PCPCs, since
placental tissue contains a lot of maternal decidus-denived mes-
enchymal cells that could contaminate PCPCs. Therefore, it is
difficuli to obtain enough of these cells without using a limiting
dilution method and/for massive ¢x vive propagation, which may
cause instability of the genome [ 14]. Consequently, material that
contains a large amount of mesenchymal cells dunng the first
few passages should be a highly suitable source of stem celly,

A previous paper suggests that endometrium conlains an
MSC-like population [15] and menstrual blood-derived mesen-
chymal {(MMCs) cells have a plunpotent differentiation ability
in vitro [16]. The data presented here demonstrate that human
menstrual hlood-derived mesenchymal cells and uterine endo-
metnial gland-derived mesenchymal cells (EMCs) have a strong
potential for cardiomyogenic transdifferentiation in vitro and in
vivo, Morcover, large amounts of MMCs could be obtaned
from the first passage of menstrual blood culture, and MMCs
have been shown 1o restore impaired cardiac function through
marked candiomyogenesis in vivo,

| MATERIALS AND METHODS

Isolation of MMCs and EMCs

Alter informed consent was obtained, mesenchymal cells from
approximately 10 ml of menstrual blood of six women (2030 years
old) were collected on the firdt day of menstruation. The samples
were suspended in Dulbecea’s modified Eagle's medium (DMEM)
high glucose supplemented wilh 10% FBS. and split into two 10-cm
dishes. The estimated adherent cell number at the stant of culture
was approximately 1 X 107, The growth curve and phase-contrast
microscopic view are shown in supplemental online Fig. 1. The
results for MMCs obtained from six women were the sume. A
humun end ial tissue le was also taken from a 52-yenr-old
woman undergoing hyslmclnm} [17) Individual endometrial
glands were isolated under o mic pe and then seeded. After the
retroviral transfection of 1PV I6EG. E7. and hTERT |2]. endome-
trial cell strains were generaled by the himiting dilution method.
Two strains exhibiting mpid cell division cycles wene designaled
EMCI00 and FMC214 (Fig. 3B and 3D, respectively). EMC100
and EMC214 showed adherent spindle shape morphology that pro-
liferated for more than 250 population doublings without changing
yogenic difl ion ability.

Isolation of Marrow-Derived Mesenchymal Stem
Cells

Bone mamow-derived mesenchymal stem cells (BMMSCs) were
obtained from a 41-year-old male as described previously 2],

Coculture with Murine Fetal Cardiomyocytes

MMn EMCs. and BMMSCs were infected with enhanced green

(EGFP) ¢ adenovims |2]. Fetal candi-
omyocyles were oblained I'mm hearts of day-17 mouse letuses; as
previously dﬂcnhcd| | The islated cardiomyocytes were replated
al 3 x 10%em® on top of a foating athelocollagen membrane
(CM-6, 40-pem thickness: Koken, Tokyo, hupsfwww kokenmpe.co,
ipfenglishproducis/collagen/cell_culturefom-6_24/index himl) that

Cardiac Precursor-Like Cells in Menstrual Blood

is permeable for only small molecules (less than 5,000 MW). The
next day, the sthelocollagen membrane was plated upside down on
ihe culture dish. Horvested l'FFP-luhclcd MMCS and EMCs were
then sceded upon the athelocoll wface) at 7 %
10%em™ (Fig. IM). In several etpmmems (Figs. 1G-11., 2, 3E. 3H,
3K-3M. 4. supplemental online Fig. 2. examination of chromosome
chimerns), we did not use the athelocollagen membrane lor the
cocullure system.

Immunocytochemistry and Immunochistochemistry

A laser confocal microscope (FVI1000; Olympus, Tokyo, hup/
www.olympus-global.com) was used for immunocytochemical
analysis. Samples were sianed with mouse mopoclonal anti-cardine
troponin-1 sntibody (4121 Lot 98/10-T21-C2; HyTest, Euro, Fin-
land. bup:/Awww.hytest.fi) or with mouse monoclonal anti-sarco-
meric a-actinin antibody (Sigma-Aldrich, St Louis, hupdiwww.
sigmaaldnch.com). or anti-connexin 43 antibody (Sigma-Aldrich)
diluted 1:300 overnight at 4°C, then stained with TRITC-conjugated
anti-mouse antibody (Sigma-Aldrich), TRITC-conjugated anti-mb-
bit antibody (Sigma-Aldrich). and CyS-conjugated anti-mouse 1gG
(Chemicon, Temeculn, CA, hup//www.chemicon.com)  diluted
1:100. contpining 4'-6-diamidino-2-phenylindole (DAPI; Wako
Chemical, Osaka. Japan, http/fwww.wako-chem.cojp/fenglish) at
1:300 for 30 minutes al 25°C-28°C. See also supplemental online
datn 1 for detail of method,

Functional Analysis

The method of action | (AP) re was s |
described [2] bt with :thi modification. A fluarescence uwcm:d
microscope (IX-70; Olympus) was used for AP recording. The
microscope was equipped with a recording chamber and 4 noiseless
hemting plate (Microwarm Plate; Kitazato Supply. Fujinomiya, Shi-
anoka, Japan, hups/www kitnzato-supply.com). A 10-mM volume
of HEPES (Sigma-Aldrich) was added 1o the culture medium 1o
stabilize the pH of the perfusate at 7.5, Standard glass micmelec-
trodes having & direct current resistance of 15-25 M) when filled
with pipette solution were used. Alexa 568 compound was dissolved
1o & concentration of 0.5 mM in 2 M of KCI solution in order to
completely dissolve the Alexa 568 in the pipetie solution. The
electiodes were positioned with a motor-driven micromanipulator
(PCS-5000; Burleigh Instrument, Inc., New York) under optical
control. Spontancously beating EGFP-positive cells were selected
as largels, and alter the APs of the target cells had been recorded,
the dye was injected by iontophoresis (=7 nA for 10-20 seconds).
The extent of dye Iransfer was monitored under o fborescence
microscope, and digital images were recorded with a digital photo
camern  (EOS-digital; Canon. Tokyo. hitp//www.canon.com)
maounted on the microscope. The recording pipetle was connected to
a patch-clamp amplifier (MEZ-8300; Nibon Kohden, Tokyo, http/
www,nihonkohden.com). The amplified signal was filtered with »
4-pole Bessel filter (NF-3625; NF electronic instrument: NF Corp..
Tokyo, hup/www.nfcorp.cojpenglishindexhtml) set a1 2 kHz,
then digitized with an A/D converter with a sampling frequency of
10 kHz (Digidota 1.322A; Molecular Devices Corp.. Union City,
CA. hitp/fwww.moleculardevices.com). Pacemaker potential was
defined by the slowly depolarizing membrane potentinl ot phase IV
of the AP

Alexa 568 was injected into cells via recording microelectrodes
1o stain the cells and confirm that the AP was generated by EGFP-
positive cells (Fig. 1G-11, 3E. 3H). Since the dye did not diffuse
into the EGFP-negative murine cardiomyocytes, (here were no tight
cell-to-cell heterologous connections (i.e.. gap junctions), at least in
the in vitro condition. In some experiments, Alexa 568 ditffused into
the EGFP-positive satellite EMCs and MMCs, suggesting that
homologous cell-to-cell connection had been established at least 1
week afler cocultivation, The measured parameters of the APs were
avernged and are shown in Figure 1K.

The fluorescent image of the bealing MMCs and EMCs was
monitored using a CCD camer (Ikegami Tsushin Co.. Lid. lutp/
www.ikegami.co.jp) and was stored using digital video. The video
inuges (National Television Standands Committee format. 29.97
[rame/second) of contraction of EMCs and MMCs were stored in a
pemsonal computer as MPEG-2 format [iles, then analyzed luter.

Srem Ceus
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Both edges of the EGFP-positive EMCs and MMCs along the line
(Mg 11, 3K) were automatically detected, and 1he distance be-
Iween both edges was measured from each video frame using an
image edge-detection program using Igor Pro 4 {Wavemetrics Inc..
Lake Oswego, OR) [11].

Calculation of Induction Rate

The MMUCs and EMCs were exposcd 10 3 uM *-muymiim (‘—
wznlC: SigmaeAldrich) for 24 hours to induce cell diffe

1697

MMC
Model In Vive

Recipient male F344 node mus (Clea) (6 weeks of age) were
anesthetized with 2% isoflurane gas. Aller lefl thoracotomy, (be et
ventricle was exposed and lell anterior coronary anery was ligaled
by 60 silk suture. The complete occlusion of the coronary artery

was confimmed by the cyanotic color and dyskinetic motion of (he
left ventricular amerior wall. In some rots, we did not ligae the

ntation in Myocardial Infarction

were left unireated. The S-azaC-treated and nontreated MMCy ur
FMCs. cultivaied with or withowl munne fetal cardiomyocyies.
were enzymahically dissocialed and stained. then observed by con-
focal laser microscope (supplemental online data 2 for detail of

hosd ). “The cordi genic induction mte (avemge of 10 sepamte
experiments) was caleulated as the fmction of candine troponin-I-
positive cells in the EGFP-positive cells.

Examination of Chromosomes of MMCs or EMCs
and Murine Cell Chimeras

T rule out cell fusion-dependent cardiomyog chiromosomes
from MMCs or EMCs cocultivated without sepamtion by the athe-
lowollagen membrmne (om munine cardiomyocyies for | week were
stained using a human chromosome-specific probe and a mouse
chromosome-specilic probe (Chromosome Science Labo, uk-
kaido,  Japan,  hupfwww chromoscience. jplen/probe/page0 )/
pagellebimly and spectml karvolyping with uorescenl in situ
hybridization chromosome painting technique (Applied Specteal
Imaging. Vist, CA, hups/www.spectral-imaging com), nccording
tiv the manufacturer’s prodocol,

RNA Extraction and RT-PCR

Reverse tmmscripiise  polvmerse chan reaction (RT-PCR) was
done ax deseribed previously [2]. Primers for the following genes
were used: cardise taanscription Lactors—Csx/MNEx-2.5 and GATAL;
cardise hormones—atrial natriuretic p-:mde and brain natriuretic
peplide; cardiae structural protel ponin 1. cardise
troponin T, myosin light clmm-..a. myosin light chain-2v, and
candiac-sctin; and jon channel—cyclic nucleotide-pated potassivm
channel 2 (supplemental online Table 1). The internal contral was
185 RNA. PCR primers were prepared such that they would
amplify the human bt not the mouse genes.

Flow Cytometric Analysis

The cells were analyzed using an EPICS ALTRA analyzer (feck-
man Couller. Fullerion, CA. itp/www. beckmancoulier.com). An-
bodies (ami-human CDI0, CDIA, CDI4. CD2, CD29, CDA]LL
CDA4, CDdd, CIdS, CDA4L CDS5, CDSS, CDTILL CDT3. CDwAX,
CDI0S. CDI06. CDIT. CD13A. CDI40a. CDI66. CD300, HLA-
ARBC. and HLA-DR) [12] were purchased from Beckman Coulter,
Immunotech (Luminy. France, hupz/www.beckmancoulter.com/
products/pr_immunology asp). Cytotech  (Hellehaek,  Denmark,
http:www.cvtotech.dk/index html ), Santa Cruz Riotechnology Inc.
(Santa Cruz, CA, hitpd/www.scbl.com), RDI (Research Dingnos-
tics. Inc.. Concord, MA. hupJ/fwww.researchd.com), and Pharmin-
gen Pharmaceutical, Inc. (San Dicgo. bitpa/www bdbiosciences.
comindex_us.shitml ),

In Vivo Cardiomyogenic Differentiation of EMCs

FEGIFP-labeled EMC tissue graft, made by a novel 3-dimensional
cell sheet manipulation, was transplanted into male F344 nude mits
(Clea, Tokyo, htpiwww.clen- ;apan.mmf] (8 weeks of age).
EMC100s and EMC214s (2 % 10%em?) were plated onto fibrin
podymer-conted culiure dishes. Foor deys alter plating, FMCs were
detached as previously described [18]. and trmnsplanted onlo the
surfawe of the recipient heant (Fig. 5A) [19]. At 2 weeks afler
Iransplantation.  immunohistochemical analysis was  performed.
FGFP-labeled EMC tissue graft on the fibrin polymer-conted cul-
ture dish did nol show candiomyogenic differentiation in vitm,

www StemCells.com

© y artery (Sham). The chest was closed and animals survived
for 2 weeks to create complete myocardial infarction.

Two weeks after the first opemtion, rats with myocardial in-
farction were mndomized for the | my il infarction (M1)
group, the MI+BMMSC group, and lhc MI+MMC group. and
were blinded immediately before the coll injection. Echocardio-
grams were pecformed on the ancalietired (2'%F isollurane) rals.
Data were collected three times and averged. Immediately before
transplantation, —1-2 % 10° of EGEP-positive MMC or BMMSUC
suspension was destwn up into a S0-pd Hamillon syringe (Hamilion
Co., Reno, NV, hitps/www.hamilloncompany.com/main_usa.nsp)
with a 31-gavge needle. A 10-pl portion of the cell suspension was
injected into the center and margin of the infarcted myocardiim
(M] +MMC. Fig. 7A) In the control MI group. culture medium

—~1=2 % 10% of nurtmcanlm. ﬂhvdllrul was imjected. Immedi-
ntdy before cell e 2-di 1 and M-mode echo-
cundiogmplibe (8.5 ME 12 linear transducer. EnVisor C: Phillips Med-
ical System, Andover, MA, bup/fwww.medical. philips.comvindex.
hml) images were oblained 1o wses lefl ventricular (LV) end-
disolic dimension and LV end-systolic dimension at the mid-
papillary muscle level.

Two weeks after the transplantation, o similar echocardiogram
wis performed ngnin: then after opening the abdomen. a hlood
sumple was drwn (rom the abdominal great vemn: then the el
dinphragm was dissected 1o insent a 22-gauge manometer line into
ihe feft ventricle. which was connecied (o the transducer (model
TP-4007T; Nihon Kobhden) to monitor left ventricular pressure. The
clectmocantiogram and meassured pressure were digitized by Power-
Labo (ADInstruments, Milford, MA, htp/www.adinstmments.
com) at the sample frequency of 10 KHz and stored in & personal
computer (Macintosh iBook G4; Apple, Cupertino, CAL bitp/
www apple.com).

Tissue samples were oblained by fixing and slicing along the
shon axis of the el ventricle, Tor every 1-mm depth of the ventri-
cle. After Masson's trichrome staining. digital i of sampl
were collected using a Tight mmmmpe (IXT0; (‘ﬂvmpu:) The
images were digitized and analyzed vsing an Tgor Pro 4 (Wavem-
etnes Inc.). The pixel area of blue color (fibrosis area) was defined
as the infarcted sren, and the pixel aren of red color was defined s
“survived” myocandium. The data on each pixel area from each slice
were collated and the percentage fibrosis area wis calculated an
follows: % Fbrosis = 100 % (Pixel area of hlue colory(Pinel ares
of blue color and red color),

Statistical Analysis

All gt are shown as (e mean value + SE The dilference among
mean values was determined with analysis of vanance. The posthoc
test (Bonferroni) was used when three or more groups were com-
paned. Student’s 7 test was used when two values were compared.
Siatistical significance was set al p < 08,

RESULTS |

Cardiomyogenic Transdifferentiation of MMCs

To exclude cell  fusion-dependent  canliomyogenesis | 20],
EGIP-labeled MMCs were cocultured in the same dish with
mouse candiomyoceytes, separated by a 40-um high-density
athelocollagen membrane (Fig. 1M The wo cell tvpes were
never in direel contact, On day 5 oller cocultivation com-
menced, approximately hall of the MMCs were beating strongly
i a synchronized manner (supplemental online Video 1), lm-
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i MMC EMCI00 | EMC214 T
APDIO(ma) | 212028 | 6112 | 185218
TMDP(mv) | 4623 | 5521 | 4813 M E
Arpttude (V) | 4Be3 | 8647 | a3 M:ﬁ”f o:rdcc:nr:cvw §
T 8GLw) | G80s01 | 0801 | 24z02 | - W W g
Tl s = = Culture dish
mraan ¢ SE

Figure 1. Cardiomyogenic differentiation of menstrual blood-derived mesenchvimal cells (MMCs) in vitro. (A): Phase-contrast mi
MMC (bhar denotes 100 jum), regarded as being PD1. or day 2. (B): The representative growth curves of MMCs as a function of time afler the culture
I'he growth curves from all three donors are linear over at Jeast 25 populntion doublings. (C-F): Laser confocal microscopic view' of immunocy-
tochemistry of differemtinted MMCs with anti-canding troponin-1 (Trop-1) antibody, Enhanced green fluorescent protein (EGEP)-positive (green)
human MMCs expressed Trop-1 (red). Scale bar denotes 20 jm. (D) Expansion of avea within the while box in (C). Clear sination patiern of Trop-1
is observed. Trop-1 and EGFP images along the yellow line are shown in (E, F). (E, Fj: Trop-1 and EGFP staining was observed allernately in striated
manner, suggesting Trop-1 is expressed in the BGFP-positive cell. (G=I): EGFP-laheled MMCs were injecied with Alexa 568 solution (red) through
a microelectde 1o confirm that the recorded signal was obtained from MMCs. (J): Representative action polential traces are shown (horizontal line
denotes SO0 ms). The vertical line denotes 50 mV. and dotied horizomal line denotes 0 mV. {K): Action potential parameters. (Lj: A representative
still image (left panel) and detecied factional shorening (% FS) along the white line obtained from sites a, b, and ¢ are shown in right panel. (M):
Experimental schema. Abbreviationss ADP, action potential duration; BCL. basic cvcle length; DAPL, 4'-6-diamidino-2-phenylindole; MDP. max
imum diastolic potential

acopic view ol

munocylochemisiry revealed that the MMCs were stained pos-
itive by the anti-cardioc troponin-1 antiboddy (Fig, 1C-1E). Clear
striations of red Muorescence of troponin-1 in the differentiated
MMCs (Fig. 1D, 1E) were observed. Troponin-I and EGFP
staining appeared alternately in a stnoled manner, suggesting
troponin-1 expressed in the EGFP-positive cell (Fig. 1E, 1F)
Clear striations were observed with red fluorescence of a-acti-
min in the dilTerentiated MMCs (Fig. 2B) and diffuse dot-like
stmmng patiern of connexin 43 around the margin of each
EGFP-positive cardiomyocyte (Fig. 2C-2F), suggesting that
ht elec-
with each other. APs were recorded [rom spon-
MMCs, The APs oblained from MMCs
myocyte-specific sustamed plateavs and
slowly depolanzing resting membrane  potentials—so-called
“pacemaker potentials™ (Fg. 1) 1K)—and were, therefore, de-
termined 10 be APs of cardiomyoeytes, not of smooth muscle
cells, nerve cells, or skeletal muscle cells. The fractional shorn-
ening (% I'S) of the MMCs was analyzed (Fig, 11) using a cell
edge detection program. The BEGEP-posilive cells contracted
sitnultancously within the whole visual field. The % FS was
Y = UD%

these human transdilTerentialed cardiomyocyles have
trical coupli
taneously b

showed clear card

in = 1Y

The percentage of cardiac troponin-I-positive cells was cal-
culated to determine the candiomyogenic transdifferentiation
rate. Whereas MMCs without cocultivation did not show any
roponin-1 expression (supplemental online Figs. 1A-1D, 2A,
2B), 27%—32% of MMC's became positive for cardiac troponin-|
antibody as a resull of the coculuvation (Figs. 1C-1F, 4A,
supplemental onhine Fig. 2C, 2D). A cylosine analog, 5-azaC,
has a remarkable effect on cell transdifferentiation and has been

shown 10 induce tmnsdifferentiabon BMMSCs into cardiomy-
ocytes in mice by nonspecific demethylation of the genome | 1]
Cardiomyogemc transdilTerentiabon was observed in the cocul-
ivated MMCs without any S-azaC pretreatment, meaning that
S-gzaC was not essenhal for candiomyogenic trmnsdifferentia-

tion. Nuclear fusion between the cocultivated MMCs and mu-
rine cardiomyocyles withoul separation of the athelocollagen

membrane was observed in only 0.16% (3/1846)

Cardiomyogenic Transdifferentiation of EMCs

We hypothesized that the origin of cardiomyogenic cells 1in
the MMCs was the endometrial gland, since MMCs have a

high content of detached endometrial glands, whereas circu-
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(Cx43) antibody. (A-F, G-L): Inhanced
escent protein (FGEP-positive
Fuaman MMCs and MK
ictinin (B, H: red) mwd Cx43
) e stained  with 4°-6-dia
midine-2-phenviindoke (DAPL (A, G blue)
Clear strintion paterns of s-actingn and Jif-

green flu

is

fuse Cx43 dot-like staining around the mar
gin of the MMCx amd EMC21ds were ot
served. Scule hars in the v denole 50 pun

EMC100 EMC214

Moan = SE

Figure 3. Cardionwogenic dilferentiation of endometrial gland-derived mesenchivimal cells (EMCs) in vitro, (A, C) Immunocytochemistry of
differentinted EMC100s (A) and EMC2 s (C) with anti-cardi | (Trop-1) m The cells were stained with 4'-6-diamiding-2-
¥ lindole (DAPE blue). and anti-cardiae troponmn-1 antibody (red). Enbanced green
expressed Trop-l (red), Please o aining pattern of Trop-1 (A, €) in EMCs
of EMC100s (B) and EMC214 {E, H): EGFP-1
Alexa 568 solution tred)y throngh a microclectrode (E, HY, and a recorded il was «
we shown (F, G: EMC100; L J: EMC214). Action potential of IZ is expar
50 mV and d 0 mV levels. (K-M):

enl protein (EGFP)-positive (green) human EMCs
ale bar denotes 20 . (B, D): Phiose
whed EMC100s and EMC214s (green) were injecled with
from the cells. Representative action potential trace
Fhe verical line denotes

tening (%8 FS) along the

ie clear stnation

colrast i g

D) belore the cardiomyogenic induct

e vertical line denotes 100 m

* (K) and deic

d in the inset

horizontal line der tve still i fed fractiona

wmned from sies o, b, wWTh

s blood-denved end
denved MSCs [2] do not have such high ¢
dilTerentianon ability. We consequently ¢

whelinl progenitor cells Dy with a lifespan prolonged by a

Tow

msure a supply of cells for analy

heal strongly in a synchronized manner

ablished
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Figure 4. Cardiomyogenic transdifferentintion ries and oxpression of cardiomyocyte-specific genes and cell surface markers of menstrunl
blood-derived mesenchymal cells IMMCs) and endometrial gland-derived mesenchymal cells (EMCs). (A-D ) Cardiomyogenic transdiflerentinlion
rates of MMCs, EMCs. and bone marrow-denved mese stem cells (BMMSCs). The d ter i each column denotes pretreatment with
S-azacytidine ($-azaC) or the lack of treatment (non, e transcriptase polymerase cham reaction (PCR) was performed with PCR primers
with specificity for human genes encoding cardiac proleins but not for the comresponding murine genes (supplemental online Table 1), Human heart
and mouse heart cells were used as a positive control and negative control, respectively. Most human cirdiae genes were constitutively expressed in

the default state of MMCs and EMCs, (F): S
ibodies against human surface antigens. Abbre
wretic peptide; hBNP, human brain natburetic pep
MLC2V. nivosin light che

(supplemental online Video 1), and 76 4%-96.5% becume
positive for cardiac troponin-1 antihody as a resull of cocul-
ivation (Figs. 3A, 3C, 4B, 4C, supplemental online Fig.
2E-2L). EMCs were also positive for sarcomeric a-actinin
and connexin 43 (Fig. 2G-2L). APs were recorded [rom
EMCs. The APs oblained from EMCs showed clear cardio-
myocyle-specific sustained plateaus and, in some cells, pace-
maker potentials (Fig. 3E-3J)., The EGFP-positive EMCs
contracted simulianeously within the whaole visual field (Fig.
3L, 3M). Nuclear fusion between the cocultivated EMC100s
or EMC214s and murine cardiomyocytes without separation
of the athelocollagen membrane was observed in only 0.57%
(6/1058) or 0.28% (5/1758), respectively

ression of Cardiomyocyte-Specific Genes and
urface Markers of EMCs and MMCs
The RT-PCR was performed with primers that hybridized with
human cardiomyocyte-specific genes but not with the murine
orthologs. Dilferentiated MMCs and EMCs expressed candioe-
specilic genes (Fig., 4Dy Interestingly, most of the analyzed
genes were expressed in the cells before the induction of trans-
dilTerentiation by cocultivation

There 15 no difference between surface markers of the
MMCs and EMCs. Both cells were posiive for CD29 {integnn
Bl), €159, and negative for CD14, CD34, CD45, CD309 (Flk-
1y, ete. (Fig. 4E, supplemental online Fig. 3A-3C)

Cardiomyogenic Effects In Vivo

An BEGEP-labeled EMC ussue grall made by a novel 3-dimen-
gional cell sheet manmipulation [ 18] was transplanted into male
17344 nude rats 10 ensure in vive cardiomyogenic transdifferen-

v of flow eytometric analysis of MMCs and EMCs with (uorescein isothiocyanate - coupled
tions: DW, distilled waler; EGFP. enhanced green fluorescent protein; hANP. human atrial
1 HON2, eyclic nucleotide-gated potassivm channel 2: MLC2a, myosin light chain 2u;
1 2v: Tol, Trop-I, cardiac troponin 12 TnT, carding troponin T,

nation ablity. The EGFP-positive cell layer (green) was ob-
served at the epicardial surface of the host heart (Fig. 3B-5D).
Whole EMCs throughout the layer expressed a clear striation
staining pattern ol sarcomeric a-actinin (Fig. 5B-50), suggesi-
ing extremely high cardiomyogenic transdifferentiation ability
ol EMCs in situ.

MMCs or BMMSCs were trunsplanted into the nude ruts
with M1 in vivo. Echocardiography showed that the left ven-
tricular fractional shortening (% LVFS) in the M1+ MMC group
was significantly greater than it in the MI+BMMSC group at 2
weeks alier transplantation (Fig. 6A—6L supplemental online
Fig. 4). The MI area was digitized and ¢very |-mm depth of
tissue section stained with Masson's trichrome (Fig. 6J-60);
averaged data are shown in Figure 6P. The M1 area was signif
icantly lower in the MI+MMC group than in the M1+ BMMSC
group, The EGFP-positive mass of MMCs observed in the MI
area expressed a clear stration staimng pattern of cardiae ro-
ponin-I (Fig. 7) and sarcomeric a-actinin (supplemental online
Fig. 5), suggesting an extremely high in sitv cardiomyogenic
transdifferentiation ability of MMCs, which contributed to im-
provement in cardiac function.

[ DISCUSSION

Mechanisms of Highly Cardiomyogenic
Transdifferentiation Ability of MMCs and EMCs
The gene expression patiern of MMCs and EMCs belore car-
diomyogenic transdilTerentiation is quite difTerent from that of
marrow-derived MSCs | 2], GATA-4 expression in the MMCs
and EMCs, and Csx/Nkx 2.5 expression in EMCs with the
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In vive cardiomyogenesis of endonwtrivme-derived mesenchyy
! ihanced green Maorescent protein (NGTP-labeled FMC tissue
vecks alle

(Ch: Enyg d EMCs stained |
detail in (E<GG). (F): The clear

tive with anti-sarcomeric o=aclin
ination i‘.|||‘_'|.'| ol L cunm f.IIIIIII:- W

nsplantation, immunohistoche mistry revealed survival of EMC 1

(EMCs) in cell shoeet tissue g n host beart. (A Macroscopic

{sheet) on the epicardinl surface of the recipient”s heart. (B=D): Twx

sue layer (green) on the recipient heart. Scale bar «
nnd. (E-G): o in (B) 18 s
ed the I engrafted FMCs.

= mrea i the te t

siremely high carchomyogenic potential of EMCs in situ. Scale bar denotes 20 jun

st that MMCs and EMCs both have

be termed

ability of self-renewal sugy

cardiogenic potential and dine prec

IRNA but not

cells” due 1o ther holog
card at e defauh

slat

|‘il‘||'.‘|| (e, of

esting that both genetic and

i the present st

epigenctic (actors may be essential 0 cause physio

functioning cardiomyogenic  differentiation in MMCs  and
EMCs. The mechanism of the drastic improvement in the trans-

differentiation rate of MMCs and EMCs may be attributable 1o

the defanlt characteristics (expression level of cur
specilic mERNAY of MMCs
marrow-derived MSCs. H

ormyocyle
and EMCs in culture compared 1«
st cardiom e trunsdifler
tiation efTiciency b d 1n EM( v, EMC I
UCBMSCs (44 [11], MMCs (33.2%), PCPCs
wd BMMSCs (0.3%, Fig. 412 | 2] in that order, In
the practical point of view, EMCs and UCBMSCs are difficult

i obtmin in eno
MMCs are, ther

cardiae stem cell

nuwmbers dunng the h
suilahle

the m

rapy, havin high cardi
MMCs, EMCs

gan that is

PCPC's are de

ey, therel

ibility of mesenchymal cells may be ¢

t conditior

ed eny

Origin of the MMCs and EMCs

Cell surface marker anulysis revealed that MMCs are neither

encirculating endothehial progenitor cells [22] nor macrophag
We speculated that

but are mesenchymal phenotype cells
i

MMCs may orginate in uterine en

metrial glands since a lot of

menstrual blood

fetached endometrial glands were ohserve

md EMCs have the same surface marker as the MMCs, as

15 un extremely high cardiomyogenic potential (76 4% -46.5%
and spectively). As has been reps . MSCs cannot
he detected in circulating blood and all hssues b MS(

www . Stem{ells.com

e

MMCs do nol seem 1o onginate rom BMMSCs

voirs localized in the penivascular niche [23], <o EMCs and

Clinical Contribution

In the present study, MMC transplantation improved impaired

cardiae function in vivo., Sipce MMCs were transplanted m 2

weeks alter coronary occlusion. when myocardial necrosis had

heen completed, the improvement of cardiac functon 18 notl due

only to ransplanted MMC-induced neovascularization |7, 8] or

soptotic [9] elfect on infarched cordiomyocytes, Since

iy lgh cardiomyogenic transdifferentiation ahility in

vi | ¢ transcifferentiation in vivo

MMC-de

menl o

iomyocytes may play a role in the improve-

cardisc function in the presenl study. Myocardial in-

farction is known to sup % contraction ability of cardiomyo-

cytes even al normal zone by left ventricular remodelin,
Iherefore MMC-derived paracrine factors may also play an
portant role in recovery of % LVES by prevention of devel-

u

opment of LV remodeling
Neovascolanzation and the antiapoptotic eflect are impor-

tant for improving cardiac function to some extent. Howey

n the number of residual hos

the leasible ellect is dependen

5 in the infarcie um. To achieve lurt)

MYy oC Cil

improvement of cardiae function, a stem cell source that can he

expected to exhibit powerful cardiomyogenic tansdillerer
ton in situ s reguired. MMCs can be

cardiomvyvocytes in situ on the reciprient heart, su

ansdifTerennated 1nto

they are a promisis ardiac stem cell-bas

material, significantly more efficient for candiomys
BMMSCs
MMCs can

Lroim i

MMCs of all the HLA types, 3
t of an MMC bank system to facithitate

posstple 10

abling the establishm,
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Figure 6. The effect of menstrual blood-derived mesenchymal cell (MMC) wansplamation on cardiac function. (A<D Representanve M-mode
echocardiographic images. The contraction of the lefl ventricular (1.V) anterior wall was improved by transplantation of MMCs (white amrows). The

symbol of and number in each group is depicted at the bo

left of each image. (E<l): Mensured 1LV parmeters are avernged and shown at 2 weeks

and 4 weeks after the myocardial infarction (M), The significant improvement of (F) LV end-sysiolic diameter (LVESd) and (E) % fctional

shonening (% LVES) were observ
(PW). There is no statistical sig

epicardium; NS, not significant.

Role of Established Cardiomyogenic EMC Cell Line

for Determining Cardiomyogenic Factors

Several stem cell types are used for climcal patients. Of (hese,
MSCs are reported to show cordiomyogenesis in vitro. Thus, the
analysis of key mechanisms for candiomyogenic difTerentiation
in the human meser nal cell is extremely important in order
1o expand the efficacy of cument cardinc stem cell thempy

However, it is very dilficull 10 specily the key [actor of car-
diomyogenesis by in vivo expenment only, Establishment of
EMCs and an in vitro cardiomyogenic differentiation assay
system are essential. Stable and high candiomyogenic transdif-
lerentianon ability in our established system enables us 1o
observe, wilth wide dynamic range, the effects of treatment for
cardiomyogenesis. Moreover, the pnmary culture condition of
murine cardiomyocytes usually fluctuates due to vanations in
enviromments, the skill of individual researchers, and institu-
tional differences in isolation protocols. Our established EMCs
may provide a good positive control for o cardiomyogenic assay
system in vilro 1o check whether the feeder cell condition is
suttable for cardiomyogenic assay. When feeder conditions are
suitable, we can survey for possible cardiomyogenic assistant
lactors or appropriate culture condilions for human BMMSCy
by applying various sgents or modilying culture conditions
systematically, Thus, by using our EMCs and cocultivation

system, we may be able w0 expand the cardiomyogenic difTer-

entiation potential of marrow-denived MSCs. Consequently, we

e The diameter of (H) anterior left ventrcular wall thickness (AW), and (1) posterior left vent
cance. (J=0): Representative Masson”s trichrome stal
MI group. M1+ bone marrow-derived mesenchymal stem cell (BMMSCO). and MI+ MMC g
summed and averaged. The MMC transplantation showed significant reduction of % fibrosis avea. Abbreviations: Endo, endocardiumg

wall thickness
Images (J, L, N) and digitized images (K, M, ) of control
ip are shown. (P): The caleulmed S fibrosis areas ane

may be able to increase the efficacy of cardine stem cell-based
therapy dramatically.

Neither passive stretching of EMCs nor an application of the
supernatant of murine cardiomyocyte culiure medium to ihe
EMC's alome caused cardiomyocyte dilferentiation. Taking these
findings into account, the multiple environmental factors, in-
¢luding mechanical stretching and/or feeder cardiomyocyte-de-
nved humnoral factors, seem to contribute 10 candiomyogenic
transdifferentiation in human mesenchymal cells. Further exper-
iments should be done

Study Limitations

Cell fusion between the human cells (IMMCs or EMCs) might
be a major cause of EGFP-positive cardiomyocytes in the
present study., However, ECGFP-positive cardiomyocytes
could be observed, even when human cells and murine car-
diomyocytes were cocultured separately by the athelocolla-
gen membrane that is permeable for only small molecules
tless than 5,000 MW )—thus allowing no possible penetration
ol cells or organelles through the membrane (supplemental
online Fig. 6). Furthermore, even if the cells were cocultured
without the athelocollagen membrane, nuclear fusion he-
tween EMCI00s, EMC214s, or MMCs and fetal murine
cardiomyocytes was less than 1% in the present study. More-
over, transdilferentiated EMCs at the external layer of the
cell sheet graft on the epicardial surface did not directly
contact the host cardiomyocytes (Fig. 51 Taking these results
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Figure 7. Cardiomy
recipwent s hy
aren of the recipient’s heart. (B=L):
laver n) on the treated heart. (B-D)

gencsis of eng

Engrafted MMCs stained

e
m. (E-H, 1-L.): The area in the white box in (D) was observed in higher resolu
higher resolution (I=L). (K): The clear striation pattern of Trop-1 st
1 mential of MMCs in sit

h cardic

genic |

micard
epcardium

ini

account, we concluded that the cell fusion did not play a
major role in the observed significant cardiomyogenic poten-
tial of MMCs and EMCs in the present study
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€ t myocardium adjacent 1o
ificant 1n ow ]
5. 5B, 6B, supplemental online [Fg. 5B

1l Cor

Iherefore

s 0L &

the infarcted are:

EGFP-positive tissue in the present study can be defined as of
human cell origin and easily distinguished from the host heart
by the EGFP MMuorescent intensit

I'he transfection of the cell ¢

crense cardiomyogenic

Wr previous

combination of ce
show any increase 1o el
fected MMCs

an extremety

Cl¢

¢y compared 10 gene-transfected

resulls into account, we conclu
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rdiomyogenic dilferentiation efficiency in EMCs

. there was no obsery

In companson (o previous pag

elfect of BMMSC transplantation on cardiac function in the

g™ mh 5 {1 1
present study. This discrepancy may be caused different

experimental conditions
BMMSCs and the host
myocardial infarcti

that is, species difference berween

mal [24], transplantation al acute

|, and usage of iImmuposuppressive

agents, elc |
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witive with anti-cardiac troponi

art immediately after enhanced green fluorescent protein (EGEP)-labeled MMC transplantation (white arrows) into the myocardial
Fwo weeks after transplantation, immunchistochemi

revealed survival of the MMC i
I (red: Trop-1). Scale ba
on (E=H) and the white box in (H) was bserved in

' aobserved throughout the whole Tayver of engralied MMCs
icale bar denotes 20 jum. Abbreviations: DAPIL, 4'-6-diamidino-2-

\
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In the present study, we did not use a pressure-tipped cath-
eter, therefore the LV dp/dt value may be underestimated.
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Abstract

Background: The critical event in heart formation is commitment of mesadermal cells to a cardiomyogenic fate, and cardiac
fate determination is regulated by a series of cytokines. Bone morphogenetic proteins (BMPs) and fibroblast growth factors
have been shown to be involved in this process, however additional factors needs to be identified for the fate
determination, especlally at the early stage of cardiomyogenic development.

Methodology/Principal Findings: Global gene expression analysis using a series of human cells with a cardiomyogenic
potential suggested Gremiin (Grem1) is a candidate gene responsible for in vitro cardiomyogenic differentiation. Grem1, a
known BMP antagonist, enhanced DMSO-induced cardiomyogenesis of P19CL6 embryonal carcinoma cells (CL6 cells) 10-35
fold in an area of beating differentiated cardiomyocytes. The Grem1 action was most effective at the early differentiation
stage when CL6 cells were destined to cardiomyogenesis, and was mediated through inhibition of BMP2. Furthermore,
BMP2 inhibited Wnt/B-catenin signaling that promated CL6 cardiomyogenesis.

Conclusions/Significance: Grem1 enhances the determined path to cardiomyogenesis in a stage-specific manner, and
inhibition of the BMP signaling pathway Is involved in initial determination of Grem1-promoted cardiomyogenesis. Our
results shed new light on renewal of the cardiovascular system using Grem1 In human,
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Introduction light chain (MyLC)). Wnt family proteins, cysteine-rich, and secreted
A . . S X glycoproteins, have also been implicated in embryonic development
The critical event in heart is cor of [10.11], and cardiomyogenesis (12,15]. In Drosopils, ‘wingless, a
/| | cells to a card ic fate and their migration into of vertet

anterolateral regions of the embryo during late gastrulation. In this
process, marphogenic movements and cardiac fate determination
are regulated by cytokines such as bone morphogenetic protens
(BMPs) [1-3], and fibroblast growth factors (FGFs) [4-7). These
secreted proteins from neighboring endoderm, ectoderm, and the
mesoderm itsell, play important roles in induction of cardiac

Wnt is mvolved in expression of ‘fuman’, &
Dmnphh homologue of Csx/Nix2.5, through ‘armadills’, a Drosoplla
ortholog of flcatenin, and drives heart development [14]. In
vertebrates, however, Witl /3a, which activates the canonical Wit/
P-catenin signaling pathway leading to stabilization of fcatenin as a
downstream molecule through inactivation of glycogen synthase
kinase-3p, inhibis cardiomyocytic differentiation from cardiac

transcription factors [8] and diffe of cardiomyocytes in
amphibians [9) and avians [4]. Cardiomyogenic signals, such as
BMPs and FGFs, indeed activate expression of cardiac specific
transcriptional factors (Csx/Nikx2.5, Gatad, Mel2c), and these
transeriptional factors activate expression of circulating hormones
(atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP),
and cardiac specific proteins (myosin heavy chain (MyHC), myosin

‘_:@: PLoS ONE | www.plosone.org

derm [15-18]. Wntl] promotes cardiac differentiation via

the non-canonical pathway in Xewgpus [12] and murine embryonic
cell lines [19]. The secretion of Wit inhibitors such as ‘Cerberus’,
‘Dickkopf” and 'Crescent” by the anterior endoderm prevents Wnit3a
secreted by the neural wbe from inhibiting heart formaton [15-17].
In this study, we pedformed GeneChip analysis to identify
multiple extracellular determinants, such as cytokines, cell
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