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IGFBP-4 is an inhibitor of canonical Wnt signalling

required for cardiogenesis
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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 1GFs, the precise mechanisms of IGF-independ-
ent actions of IGFBPs are largely unknown'”. Here we report a
previously unknown function for IGFBP-4 as a cardiogenic growth
factor. IGFBP-4 enhanced utd.mmyocyle dlﬂ'erenuatwu in vitro,
and knockdown of Igfbp4 is both in
vitroand in vivo. The cardiogenic effect anGFBP-d was independ-
ent of its IGF-binding activity but was mediated by the inhibitory
effect on canonical Wnt signalling. IGFBP-4 physically interacted
witha 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-

dent, the cardiogenic effect of IGFBP-4 was attenuated by IGFs
l]lmugh 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
abnormalities 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 crucial for cardiomyocyte
specification™. We proposed that there might be additional soluble
factors that modulate cardiac development and/or cardiomyocyte
differentiation.

P19CLé cells differentiate into cardiomyocytes with high efficiency
in the presence of 1% dimethylsulphoxide (DMSQO)". We cultured
P19CL6 cells with culture media conditioned by various cell types in
the absence of DMSO, 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 sarcomeric myosin heavy chain (MHC). Among the
several cell types tested, culture media conditioned by a murine stro-
mal cell line OP9 induced cardiomyocyte differentiation of P19CL6
cells without DMSO treatment (Fig. la, left and middle panels).
Increased MF20-positive area was accompanied by the induction
of cardiac marker genes such as 2MHC, Nkx2.5 and GATA-4, and
by the increased protein levels of cardiac troponin T (¢TnT) (Fig. la,

right panel). In contrast, culture media conditioned by COS7 cells,
mouse embryonic fibroblasts, NTH3T3 cells, HelLa cells, END2 cells
(visceral endoderm-like cells), neonatal rat cardiomyocytes and neo-
natal rat cardiac fibroblasts did not induce cardiomyocyte differenti-
ation of P19CLS6 cells in the absence of DMSO (Fig. 1a and data not
shown). From these observations, we postulated 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
OP9 cell cDNA 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,
IGFBP-4 induced cardiomyocyte differentiation of P19CL6 cells, as
demonstrated by the increase in MF20-positive area and the induc-
tion of cardiac markers (Fig. 1b), Wealso cultured P19CL6 cells with
OP9-conditioned media pretreated with an anti-IGFBP-4 neutral-
izing antibody. The application of an anti-IGFBP-4 neutralizing anti-
body attenuated the efficiency of cardiomyocyte differentiation
induced by OP9-conditioned media (Fig. 1¢c). These findings strongly
suggest that IGFBP-4 is a cardiogenic factor secreted from OP9 cells.

Because IGFBPs have been characterized as molecules that bind to
and modulate the actions of IGFs, we tested whether IGFBP-4 pro-
motes cardiogenesis by either enhancing or inhibiting the actions of
IGFs. We first treated P19CLA cells with a combination of anti-1GF-1
and IGF-11-neutralizing antibodies or a neutralizing antibody against
type-1 IGF receptor. If IGFBP-4 induces cardiomyocyte differenti-
ation by inhibiting IGF signalling, treatment with these antibodies
should induce cardiomyocyte differentiation and/or enhance the
cardiogenic effects of IGFBP-4. In contrast, if IGFBP-4 promates
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 IGF-I and IGF-1I also
did not induce cardiomyocyte differentiation (data not shown).
Furthermore, treatment with an IGFBP-4 mutant (IGFBP-4-H74P;
His 74 replaced by Pro)® that is unable to bind IGFs induced cardi-
omyocyte differentiation of PI9CLS cells even more efficiently than
wild-type IGFBP-4 (Fig. le). This is presumably due to the sequest-
ration of wild-type IGFBP-4 but not mutant IGFBP-4-H74P by
endogenous IGFs. In agreement with this idea, exogenous IGFs atte-
nuated wild-type IGFBP-4-induced but not IGFBP-4-H74P-induced
cardiogenesis (Fig. 1f). Taken together, these observations indicate
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Figure 1| IGFBP-4 promaot in an IGF-

diffy
independent mmqr - (.,ulmrt media conditioned by OP9 cells but not by
COS7 cells i d te diff of P19CL6 cells as
assessed by MF20-positive area, cardiac marker-gene expression and ¢TnT
protein expression. Scale bar, 100 pm. Error bars show s.d. b, Treatment with
IGFBP-4 (1 pgml ") induced cardiomyocyte differentiation of P19CLS cells
in the absence of DMSO. Error bars show s.d. ¢, Treatment wuh a
nenun]mng mubody against IGFBP-4 (anti-BP4; 40 pgml ™) attenuated
car cyte iation of P19CLé cells induced by OP9-conditioned
media. E.rmr bars show s.d. d, Treatment with neutralizing antibodies
against IGF-1 and IGF-11 {anti-IGFs; 5 pgml ™" each) had no effect on
IGFBP-4-induced yocyte diffy of PI9CL6 cells. Error bars
show s.d, e, Mutant IGFBP-4 (BP4(H74P)) that is incapable of binding to
IGFs retained cardiomyogenic activity, Error bars show s.d. f, IGFs (100
ngml ' each) attenuated wild-type IGFBP-4-induced but not mutant
IGFBP-4-H74P-induced cardiomyocyte differentiation of P19CLS cells.
Error bars show s.d.

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

To explore further the mechanisms by which IGFBP-4 induces
cardiomyogenesis, we tested the hypothesis that 1GFBP-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 p-catenin-dependent transcription of the
TOPFLASH reporter gene, and this activation was attenuated by
IGFBP-4 (Fig. 2a). Wnt/p-catenin signalling is transduced by the
cell-surface receptor complex consisting of Frizled and low-den-
sity-lipoprotein receptor (LDLR)-related protein 5/6 (LRP5/6)
and IGFBP-4 attenuated TOPFLASH activity enhanced by the
expression of LRP6 or Frizzled 8 (Frz8) (Fig. 2a). As a control,
IGFBP-4 did not alter BMP-mediated activation of a 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 vivo, we performed axis
duplication assays in Xenopus embryos. Injection of Xwnt8 or Lrpé
mRNA caused secondary axis formation, and injection of Xenopus
IGFBP-4 (XIGFBP-4) mRNA alone had minimal effects on axis
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formation. However, Xwnt8-induced or LRP6é-induced secondary
axis formation was efficiently blocked by coexpression of XIGFBP-4
(Fig. 2b, c), 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. Ic). Similarly, IGFBP-4 atte-
nuated Wnt3A-induced or LRP6-induced TOPFLASH activity but
did not alter Dishevelled-1 (Dvl-1)-induced, LiCl-induced or
f-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
(LRPEN-Myc), the Myc-tagged cysteine-rich domain (CRD) of
Frz8 (Frz8CRD-Myc), and V5-tagged 1GFBP-4 (IGFBP-4-V5).
Immunoprecipitation (IP)/western blot experiments revealed that
IGFBP-4 interacted with LRP6N (Fig. 2d) and Frz8CRD (Fig. 2¢).
A liquid-phase binding assay with '**I-labelled 1GFBP-4 and con-
ditioned media containing LRP6N-Myc or FrzBCRD-Myc
demonstrated that the interaction between IGFBP-4 and LRP&N
or Frz8CRD was specific and saturable (Fig. 2f, g). A Scatchard
plot analysis revealed two binding sites with different binding
affinities for LRP6N (Fig. 2f, insct) and a single binding site
for Frz8CRD (Fig. 2g, inset). A similar binding assay with '*I-
labelled Wnt3A demonstrated that IGFBP-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 that IGFBP-4 interacted with
multiple domains of LRP6 and that the carboxy-terminal thyr-
oglobulin domain of IGFBP-4 was required for IGFBP-4 binding
to LRP6 or Frz8CRD (Supplementary Fig. 2b-f). It has been
shown that inhibition of canonical Wnt signalling promotes car-
diomyocyte differentiation in embryonic stem (ES) cells and in
chick, Xenopus and zebrafish embryas*'*"". These results therefore
collectively suggest 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 into cardiomyocytes. Reverse transcriptase-
mediated polymerase chain reaction (RT-PCR) analysis revealed
that the expression of Igfbp4 was upregulated during DMSO-induced
P19CL6 cell differentiation (Fig. 3a). Expression of Igfbp3 and Igfbp5
was also upregulated in the carly and the late phases of differenti-
ation, respectively, Expression of Igfbp2 was not altered, and that of
Igfbpi or Igfbp6 was 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 Igfbps 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. 3¢). Secretion of
endogenous IGFBP-4 is therefore required for the differentiation of
P19CL6 cells into cardiomyocytes. Immunostaining for IGFBP-4
revealed that cardiac myocytes were surrounded by the IGFBP-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 IGFBP-4 promotes the differentiation of
P19CL6 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/fi-catenin
signalling.

The role of endogenous IGFBP-4 in cardiac development in vive
was also examined with Xenopus embryos. Whole-mount in sire
hybridization analysis revealed that strong expression of XIGFBP-4
was detected at stage 38 in the anterior part of the liver adjacent to 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. 4c). Coexpression of
IGF-binding-defective XIGFBP-4 mutant (XIGFBP-4-H74P) or

dominant-negative LRP6 (LRP6N) also rescued the cardiac defects
induced by XIGFBP-4 knockdown (Fig. 4b), whereas overexpression
of Xwnt8 in the heart-forming region resulted in cardiac defects
similar to those induced by XIGFBP-4 knockdown (Supplementary
Fig. 4d-f), supporting the notion that the cardiogenic effect of
IGFBP-4 is independent of IGFs but is mediated by inhibition of
the Wnt/f-catenin pathway. The temporal profile of cardiac defects
induced by XIGFBP-4 knockdown was also examined by in situ
hybridization with cardiac troponin I (¢Tnl) (Fig. 4c). At stage 34,
morphology of the heart was comparable between control embryos
and MO-injected embryos. However, at stage 38, when XIGFBP-4
starts to be expressed in the anterior part of the liver, the expression of
cTnl was markedly attenuated in MO-injected embryos; expression
of ¢Tnl was diminished and no heart-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
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Figure 2 | IGFBP-4 inhibits Wnt/[l-catenin signalling through direct
interactions with Wnt receptors. a, [GFBEP-4 attenuated [-catenin-
dependent transcription in P19CLS cells. P19CL6 cells were transfected with
TOPFLASH reporter gene and expression vectors for LRP6 or Frz8, and then
treated with Wnt3A or Wnt3A plus IGFBP-4; luciferase activities were then
measured. Error bars show s.d. b, XIGFBP-4 (XBP4) inhibited Xwnt8-
induced secondary-axis formation in Xenopus embryos Iu = ZI) fur udl
group). ¢, IGFBP-4 inhibited LRP6-induced d

o
Frz8CRD - . .
WndApMy 2 2 2 2
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ecip f, A binding assay b 21 labelled IGFBP-4 and

LRP6N, The inset is a Scatchard plot showing two binding sites with different
binding affinities. g, A binding assay between '**I-labelled IGFBP-4 and
Frz8CRD. The inset is a Scatchard plot showing a single binding site.

h, i, IGFBP-4 inhibited Wnt3A binding to LRPGN (h) or Frz8CRD (1), "I
labelled Wni13A binding to LRPGN or Frz8CRD was assessed in the presence
of inc of IGFBP-4.

Xenopus embryos (n = 30 for cach group). d, e, IGI-B?-l nnu-rmed dmm}y
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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 Dkk]
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, [GFBP-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 to maintain embryonic circulation. It has been
shown that Wnt/p-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 dllTerenli-
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 family members by
RT-PCR during DMSO-induced cardiomyocyte differentiation of P19CL6
cells (from day 0 to day 8), b, Left: knockdown of Igfbp4 in PI9CLS cells
attenuated cardiac marker expression in 0] with DMSO.
BP4-1 and BP4-2 represent two different uIlNM for IGFBP-4. Right:
knockdown of [gfiip3 or Igfbp5 had no effect on cTnT expression in response
to DMSO treatment. ¢, Treatment with a neutralizing antibody against
1GFBP-4 (anti-BP4; 40 g ml ") attenuated DMSO-induced cardiomyocyte
differentiation of P19CL6 cells. Error bars show s.d. d, IGFBP-4
immunaostaining during DMSO-induced differentiation of P19CLS6 cells
stably transfected with xMHC—green fluorescent protein (GFP) reporter
gene. Top left, IGFBP-4 staining (red); top right, GFP expression
representing differentiated cardiomyocytes; bottom left, nuclear staining
with DAPI (4',6-diamidino-2-phenylindole); b right, & merged
picture. Scale bar, 100 pm. e, Attenuated cardiomyocyte differentiation of
P19CL6 cells by Igfbp4 knockdown was rescued by inhibiting Wnt/B-catenin
signalling. Control and Igfbp4-knocked-down P19CLS cells were transfected
with an expression vector for GFP or LRP6N (a dominant-negative form of
LRP6) and induced to diff iate into cardiomyocytes by with
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time-dependent effects of Wnt/B-catenin signalling on cardiogenesis
has been shown in zebrafish embryos''. Moreover, several recent
reports suggest that Wnt/[i-catenin signalling is a positive regulator
of cardiac progenitor-cell proliferation in the secondary heart field".
It therefore seems that canonical Wnt signalling has divergent effects
on cardiogenesis at multiple stages of development: first, canonical
Wht 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. It is interesting to note that
IGFBP-4 is expressed predominantly in the liver. Mouse IGFBP-4 is

Stage 34

MO1

il

ep
& f‘
Stage 34 Stage 38 sugm Stage 42

Figure 4 | IGFBP-4 is required for the ion 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
XIGFRP-4 by two different morpholinos (MO1 and MO2) resulted in severe
cardiac defects as assessed by ¢Tnl in situ hybridization at stage 42 (lef).
These cardiac defects were rescued by simultaneous injection of MO-
resistant wild-type XIGFBP-4, mutant XIGFBP-4-H74P (BP4{H74P) and
LRP6N (n = 30 for each group). ¢, Temporal profile of cardiac defects

DMSO. LRP6N overexpression rescued the attenuated cardiomyocyte
differentiation induced by Igfbpd knockdown as assessed by MF20-positive
area (left panel), cardiac marker-gene expression and cTnT protein
expression (right panel). Ercor bars show s.d.

4

Induced by XIGFBP-4 knockdown. Morphology of the heart as assessed by
<Tnl in situ hybridization was almost normal at stage 34 bul was mtl'tl)'
perturbed at stages 38 and 42. The right col shows sections of

and MO-injected embryos. The arrow indicates 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 heart such as
pharyngeal arches and liver 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 cardiac mesoderm secretes
FGFs and induces liver progenitors in the ventral endoderm', these
observations suggest that there exist reciprocal paracrine signals
between the heart and the liver that coordinately promote the
development of each other.

IGFBPs are compaosed of six members, IGFBP-1 to IGFBP-6.
Reporter gene assays and B-catenin stabilization assays revealed that
IGFBP-4 was the most potent canonical Wnt inhibitor and that
IGFBP-1, IGFBP-2 and IGFBP-6 also showed modest activity in
Wnt inhibition, whereas IGFBP-3 and IGFBP-5 had no such activity
(Supplementary Fig. 5a—). In agreement with this, IP/western blot
analyses demonstrated that IGFBP-1, IGFBP-2, IGFBP-4 and IGFBP-
6 but not IGFBP-3 or IGFBP-5 interacted with LRP6 or FrzRCRD
(Supplementary Fig. 5d, e). Thus, the lack of cardiac phenotypes in
IGFBP-4-null mice or IGFBP-3/IGFBP-4/IGFBP-5 triple knockout
mice” may be due to genetic redundancies between 1GFBP-4 and
other IGFBPs such as IGFBP-1, IGFBP-2 and/or IGFBP-6.

The identification of IGFBP-4 as an inhibitor of Wnt/p-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
attenuates the growth of prostate cancer in vive. Decreased serum
levels of IGFBP-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. P19CL6 cells and ES cells were cultured and induced to differentiate
into cardiomyocytes essentially as described™'™. P19CLS cells (2,000 cells per 35-
mm dish) were treated with various conditioned media for screening of their
cardiogenic activities. For sRNA-mediated knockdown, pSIREN-Retro() vec-
tors { Clontech) ligated with double-stranded ullgnnudto‘lﬂn were transfected
into P19CLS6 cells or | ES cells, and puromycin-resistant clones were selected,
1P/ blot and binding assays. Conditioned media for [P/west-
ern blot analyses were pmdumdhyusmgﬂjmlhl!mdmsmlcﬁnmm
performed overnight at 4 °C. "*I-labelling of IGFBP-4 and Wnt3A was per-
formed with 10DO-BEADS lodination Reagent ( Pierce). A liquid-phase binding
assay was performnd essentially as described ",

Ekctm;)mﬂwn of mRNA was pu'{mmcd at stage 28 essentially as duﬁrﬂmi"

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Plasmids and reagents. cDNA clones encoding mouse 1GFBPs and  Xenopus
IGFBP-4 were purchased from Open Biosystems. XIGFBP-4-H74P mutant was
generated with a QuickChange Site- Directed Mutagenesis kit (Stratagene). 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 FrzBCRD-Myc were mixed with '**1-labelled Wnt3A and unla-
belled IGFBP-4, and incubatel overnight at 4 °C. LRP6N-Myc or FraCRD-
Myc was then ipitated and the radioactivity of bound Wnt3A was
mcumd.

peri and mouse in situ hybridization analysis. Axis duplica-

by X. Qin)* were produced and purified with HisTrap HP Kit (A ham), Full-
length Frzs, FraBCRD and LRPSN were provided by X. He"". Full-length LRPS,
membrane-bound forms of LRP6 deletion mutants, and Dkkl were from C.
Niehrs™. pXwnit® and pCSKA-Xwnt8 were from ). Christian®™, pCS2-fl-catenin
was from D. Kimelman™, :MHC-GFP was from B. Fleischmann™. BRE-luc was
from P, ten Dijlee™. pCGN-Dvi-1 was dﬂmhu'l pmmu.dr" Soluble forms of
LRPS deleti and probes for in s hybridi lysis (Nkx2.5, cTnl
and Hex) were generated br PCR. IGFBP-4. Wnt3A, IGF-1, IGF-1I and BMP2
were from R&D, Neutralizing antibodies were from R&D (ant-IGFBP-4). Sigma
{anti-IGF-1 and anti-1GF-11), and Oncogene (anti- qrpe-l IGF moepmt] The mu‘
bodies used for i it

ton mys. amumal cap assays and in situ hybridization analyses in Xemopus were
pcrfurmtd usmm.llr as described™. 'l'vm mdzpmdml <DNAs for XIGFBP-4,
g from pseud were identified by 5

ra;m! ampliﬁamn of cDNA ends {Supplrmm:-ry Fig. 4a). Two different
MOs targeting both of these two IGFBP-4 transcripts were designed (Gene
Tools) (Supplementary Fig. 4a and Supplementary Table 2). MO-sensitive
XIGFBP-4 cDNA including a 41-base-pair 5'-untranslated region (UTR) was
generated by PCR. MO-resistant XIGFBP4 <DNA (wild-type and H74P
mutant) was g d by i ducing five silent ions in the MO target
juence and excluding the 5'-UTR (Supplementary Fig. 4a). To determine the

were from Invitrogen (anti- Myr.. anti-V3), Santa Cruz l:mm-s'l'n‘l anti- 1GFBP-
4, anti-topoisomerase | (TOPO-1)), Sigma (anti-f-actin, anti-f-catenin, anti-
FLAG (M2)) and Devel | Studies Hybnd Bank (anti

specificity of MOs, MO-sensitive or MO-resistant XIGFBP-4—myc mRNA was
l.njl:l.‘l.td into Xempm emqu with or without MOs, and protein/mRNA
was PCR pri and PCR conditions are listed in

myosin heavy chain IMI‘IOII
Cdlcnhmupu!mls!‘lﬂ.‘i.ﬁ cells and ES cells were cultured and induced
to differentiate into cardi ially as described™'™. P19CL6 cells
(2,000 cells per 35-num dn.h} were lr:umf with various conditioned media for
screening of their cardiog ivities. P19CLS6 cells or ES cells stably trans-
fected with aMHC promoter driven—GFP were gencrated by transfection of
2MHC-GFP plasmid into P19CLS cells or ht7 ES ael.h bammi byG«lls sehc
tion. Luciferase reporter gene assays, blot
RT-PCR were performed as described . Reporter gene assays were upnmd at
least three times, PCR rruuts and PCR conditions are listed in !mpplmwnmr
Table 1. For siRNA-medi kd siRNAswere { with pSIREN-
RetroQ vector (Cl h). Olig Jentid used are listed in
wpplcmmnry ‘lnblc 2 pSlllﬂ'«l -Retro(Q vectors hpl:d with double-stranded
1 into P19CL6 cells or ES cells, and puromycin-
cloncs were isolated and ded. For fi-catenin stabilization assays,
nuclear extracts of L cells were prqumd with NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Pierce). Data are shown as means and s.d.
IP/western blot analyses and binding assays. Conditioned media for [P/west-
ern hlot analyses containing full-length or various deletion mutants of IGFBPs,
LRPS, FraBCRD and Dkk1 were produced with 293 cells. Binding reactions were
performed overnight at 4 “C. Immunoprecipitation was performed with Protein
G~Sepharose 4 Fast Flow (Amersham). '**I-labelling of IGFBP-4 and Wnt3A was
pnfumml wnlh IODO-BEADS Ioduutm Reagent (Pierce). A liquid- plme
i described™. In briel. conditi
media :unt.umn* I.RN)N =Myt or Fr;sch-M)'c were mixed with various con-

centrations of '*'I-labelled IGFBP-4 and incubated overnight at 4 (- LRHN-
Mytml:rzmwycm T ,' 'uldlhc di
IGFRP-4 was i after i g of the Protein G—&phlm

S(rwkmmu:y Table 1. MOs and plasmid DNAs were injected at the eight-cell
stage into the dorsal region of two dorsal-vegetal blastomeres fated to be heart
and liver anlage. Electroporation of mRNA was performed essentially as
described*'. Injection of mRNA (5ng in 5nl of solution) into the vicinity of
heart anlage and application of electric pulses were performed at stage 28,
Whale-mount in situ hybridization analysis of murine IGFBP-1 was performed
as devcribed ™,
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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
ure difficult to obtain and involve invasive procedures. In
our search for novel stem cells with a higher cardiomyogenic
potential than those available from bone marrow, we dis-
covered that potent cardiac precursor-like cells can be har-
vested from human menstrual blood. This represents a new,

i sive, and potent source of cardiac stem cell thera-
peutic material. We d ate that ual blood-de-
rived mesenchymal cells (MMCs) began beating spontane-
ously after induction, exhibiting cardiomyocyte-specific
action potentials. Cardiac troponin-I-positive cardiomyo-
cytes accounted for 27%-32% of the MMCs in vitro. The
MMCs proliferated, on average, 28 generations without af-
fecting cardiomyogenic transdifferentiation ability, and ex-
pressed mRNA of GATA-4 before cardiomyogenic induc-

tion. Hypothesizing that the majority of cardiomyogenic
cells in MMCs originated from detached uterine endome-
trial glands, we established monoclonal endometrial gland-
derived mesenchymal cells (EMCs), 76%-97% of which
transdifferentiated into cardine cells in vitro. Both EMCs
and MMCs were positive for CD29, CD105 and negative for
CD34, CD45, EMCs engrafied 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 cardine func-
tion, decreasing the myocardial infarction (MI) area in
the nude rat model, with tissue of MMC-derived cardio-
myocytes observed in the MI area in vivo. Thus, MMCs
appear to be a potential novel, easily accessible source of
material for cardine stem cell-based therapy. STEM
CELLS 2008:26:1695-1704
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INTRODUCTION

Marrow-derived mesenchymal stem cells (MSCs) are a potential
cellular source for stem cell-based therapy. since they have the
ability to differentiate into cardiomyocytes [1, 2], use of MSCs
pr no ethical probl and autologous MSCs have been

injected into ischemic hearts clinically [3]. Direct injection of
MSCs into the heart has been shown o be feasible in vivo [4-7).
but with limited effect. The reason for this may be the extremely
low rate of cardiomyogenesis exhibited by marrow-derived
MSCs [2]. with cardiac function improvement due to grafted
MSC-induced neovascularization [7, 8] and an antiapoptotic
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elfect on infarcied 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
chorionic 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 cardiac regenerative therapy. But
the population of UCBMSCs in umbilical cord blood is scant
[13] and there is also a problem in establishing PCPCs, since
placental tssue contains a lot of maternal decidua-denved mes-
enchymal cells that could contaminate PCPCs. Therefore, it is
difficult to obtain enough of these cells without using a limiting
dilution method and/or massive ex vivo propagation, which may
cause instability of the genome [ 14]. Consequently, material that
contains a large amount of mesenchymal cells during the first
few passages should be a highly suitable source of stem cells.

A previous paper suggests that endometrium contains an
MSC-like population [15] and menstrual blood-derived mesen-
chymal (MMCs) cells have a pluripotent differentiation ability
in vitro [16]. The data pr i here demi that human
menstrual blood-derived mesenchymal cells and utering endo-
metrial gland-derived mesenchymal cells (EMCs) have a strong
potential for cardiomyogenic transdifferentiation in vitro and in
vivo. Moreover, large amounts of MMCs could be obtained
from the first passage of menstrual blood culture, and MMCs
have been shown to restore impaired cardiac function through
marked cardiomyogenesis in vivo.

Isolation of MMCs and EMCs

After informed consent was obtained, mesenchymal cells from
approximately 10 ml of menstrual blood of six women (20-30 years
old) were collected on the first day of menstruation. The samples
were suspended in Dulbecco’s modified Eagle's medium (DMEM)
high glucose supplcm:mcd with 10% FBS, and split into two 10-cm
dishes. The esti dh cell ber at the start of culiure
was approximately 1 > 107, The growth curve and phase-contrast
MICFOSCOPIC VICW @re shown n supplemental online Fig. 1. The
results for MMCs obtained from six were the same. A
human endometrial tissue sample was also taken from a 52-year-old
woman undergoing hysterectomy [17]. Individual endometrial
glands were isolated under a microscope and then seeded. Afer the
retroviral ransfection of HPV16E6, ET, and hTERT [2], endome-
trial cell strains were generated by the limiting dilution method.
Two strains exhibiting rapid cell division cycles were designated
EMCI00 and EMC214 tan iB und in. mpectivclyl EMC100
and EMC214 showed shape morphology thar pro
liferated for more than 250 pop iiation d blings without
cardiomyogenic differentiation ability.

Isolation of Marrow-Derived Mesenchymal Stem
Cells

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

Coculture with Murine Fetal Cardiomyocytes

MMCs, EMCs, and BMMSCs were infected with enhanced green
lMuorescent protein (EGFP) expressing adenovirus [2], Fetal cardi-
omyocyles were obtained from heans of d.a.y 17 mnuse fetuses, as
previously described [2]. The isolatid ¢ cytes et
ar § x 10%m® on top of a floating :ll'ulomllagen membrane

Cardiac Precursor-Like Cells in Menstrual Blood

is permeable for only small molecules (less than 5,000 MW). The
next day, the athelocollagen membrane was plated upside down on
the culture dish. Harvested EGFP-labeled MMCs and EMCs were
then seeded upon the athelocollagen surface (bottom surface) at 7 <
10%em? (Fig. 1M), In several upmnwnr.letgs 1G- iL.. 2, 3E, 3H,
3K-3M, 4, supplemental online Fig, 2, exami of ct

chimeras), we did not use the admh.ullng:n rnemhmrx for the
coculture system.

Immunocytochemistry and Immunohistochemistry

A laser confocal microscope (FV1000; Olympus, Tokyo, hutp://
www.olympus-global.com) was used for immunocytochemical
analysis. Samples were stained with mouse monoclonal anti-cardiac
troponin-1 antibody (4T21 Lot 98/10-T21-C2; HyTest, Euro, Fin-
land, hitp:/iwww hytest.fif) or with mouse monocional anti-sarco-
meric a-actinin antibody (Sigma-Aldrich, St Louis, hip:/f/www.
sigmaaldrich.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-rab-
bit antibody (Sigma-Aldrich), and CyS-conjugated anti-mouse 1pG
(Chemicon, Temecula, CA, htip//www chemicon.com) diluted
1:100, containing 4-6-diamidino-2-phenylindole (DAPL Wako
Chemical, Osaka. Jupan, http:/fwww wako-chem.co pfenglish) at
1:300 for 30 minutes at 25°C-28°C. See also supplemental online
data | for detail of method.

Funetional Analysis

The method of action polential cAPl rcc.m!mg was as previously
described [2] but with slight i ence inverted
microscope (1X- 70; Olympus) was used ror AP recording. The
microscope was equipped with a recording chamber and a noiseless
heating plate {Microwarm Plate; Kitazato Supply, Fujinomiya, Shi-
ruoka, Japan, hitp:/fwww latazato-supply.com). A 10-mM volume
of HEPES (Sigma-Aldrich) was added to the culture medium 1o
stabilize the pH of the perfusate at 7.5, Standard glass microelec-
trodes having a direct current resistance of 15-25 M{) when filled
with pipetie solution were used. Alexa 568 compound was dissolved
o a concentration of 0.5 mM in 2 M of KCI solution in order 1o
completely dissolve the Alexa 568 in the pipetie solution. The
electrodes were positioned with a motor-driven micromanipulator
(PCS-5000; Burleigh Instrument, Inc., New York) under optical
control. Spontaneously beating EGFP-positive cells were selected
as targets, and after 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 transfer was under a fl
microscope, and digital images were recorded with a digital photo
camers  (EOS-digital:  Canon, Tokyo, hupy//www.canon.com)
mounted on the microscope. The recording pipette was connected to
a patch-clamp amplifier (MEZ-8300; Nihon Kohden. Tokyo, htip://
www.nihonkohden.com). The amplified signal was filtered with a
4-pole Bessel filter (NF-3625; NF electronic instrument; NF Corp.,
Tokye, http:/fwww.nfcorp.co jplenglishfindexhtml) set at 2 kHe,
then digitized with an A/D converter with a sumpling frequency of
10 kHz (Digidata 1.322A: Molecular Devices Corp.. Union City,
CA. hitp/iwww.moleculardevices.com). Pacemaker potential was
defined by the slowly depolarizing membrane potential at phase IV
of the AP.

Alexa 568 was injected into cells via recording microelectrodes
to 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-neg murine cardiomyocyles, there were no tight
cell-to-cell heterologous connections (i.e., gap junctions), at least in
the in vitro condition. In some experiments, Alexa 568 diffused into
the EGFP-positive satellite EMCs and MMCs, suggesting that a
homologous cell-to-cell connection had been established at least 1
week after cocultivation. The measured parameters of the APs were
averaged and are shown in Figure 1K,

The foorescent image of the beating MMCs and EMCs was
monitored using a CCD camera (lkegami Tsushin Co., Lid, hitp:/f
www.ikegami.co.jp) and was stored using digital video, The video
images (\Iuml Television Standards Committee format. 29.97

/second) of contraction of EMCs and MMCs were stored in a

{CM-ﬁ 40-pm lim:k.ncss Kakzn Tokyo hitp:/fwww kok o,
¢ /em-6_24findex.himl) that

Jr & ¥ e

personal cnmputcr as MPEG-2 format files, then analyzed later.
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Both edges of the EGFP-positive EMCs and MMCx along the line
(Figs. 1L. 3K) were automatically detected, and the distance be-
tween 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 MMCs and EMCs were exposed to 3 pM S-azacytidine (5-
azaC; Sigma- Aldrich) for 24 hours w induce cell differentiation, or
were left untreated, The 3-azaC-treated and nontreated MMCs or
EMCs, cultivated with or without murine fetal cardiomyocyies,
were enzymatically dissociated and stined, then observed by con-
focal laser microscope (supplemental online data 2 for detail of
method). The cardiomyogenic induction rate (average of 10 separate
experiments) was calculsted as the fraction of cardiac troponin-|-
positive cells in the EGFP-positive cells.

Examination of Chromosomes of MMCs or EMCs
and Murine Cell Chimeras

To rule out cell fusion-dependent cardiomyogenesis, chromosomes
from MMCs or EMCs cocultivated without separation by the athe-
locollagen membrane from murine cardiomyocytes for | week were
sl:.mcd using 2 human chromosome spol:l!‘c pmhc and a mouse

1697

MMC Transplantation in Myocardial Infarction
Model In Vive

Recipient male F344 nude rats (Clea) (6 weeks of age) were
anesthetized with 2% isofluranc gas. After left thoracotomy, the left
ventricle was exposed and left anterior coronary artery was ligated
by 6-0 silk suture. The complete occlusion of the coronary artery
wis confirmed by the cyanotic color and dyskinetic motion of the
left ventricular anterior wall. In some rats, we did not ligate the
coronary artery (Sham). The chest was closed and animals survived
for 2 weeks o create complete myocardial infarction.

Two weeks after the first operation. rats with myocardial in-
farction were randomized for the control myocardial infarction (MI)
group, the MI+BMMSC group, and the MI+MMC group. and
were blinded immediately before the cell injection. Echocardio-
grams were performed on the anesthetized (2% isoflurane) rats.
Data were collected three times and averaged. Immediately before

wansplantation, ~-1-2 X 10° of EGFP-positive MMC or BMMSC
suspension was drawn up into a 50-p) Hamilton syringe (Hamilton
Co.. Reno, NV. hup://www.hamiltoncompany .com/main_usa.asp)
with a 31-guuge needle. A 10-ul portion of the cell suspension was
injected into the center and margin of the infarcted myocardium
(MI+MMC, Fig. TA). In the control MI group. ::uluu'c mcdlum

or ~1-2 % 10 of murine cardiac fibroblast was

a:ely before cell transplantation. 2-dimensional and M-mode echo-
cardiographic (8.5 MHz linear transducer, EnVisor C; Phillips Med-
ical System, Andover, MA, hitpfwww.medical.philips.com/index.
htrnl} irnagcs were obtained to assess lefl ventricular (LV) end-

specific probe (Ch l..nho Hok-
k:uda. ]np:m. hup:/iwww.ch i /) /page0l/
pagele.mml) and speciral kuryul)'pmg wuh ﬂmwﬂs&xm in situ
hybridization ¢t g techni (Applied S |
Imaging, Vista, CA, ntrp.ﬂww p l-imaging.com), ding

1o the manufagturer’s protocol,

RNA Extraction and RT-PCR

Reverse transcriptase polymerase chain reaction (RT-PCR) was
done as described previously (2], Pnimers for the following genes
were used: cardiac transcription factors—Csx/Nkx-2.5 and GATA4,
cardiac hormones—atrial natriuretic peptide and brain natriuretic
peptide; cardiac structural proteins—cardiac troponin I, cardiac
troponin T, myosin light chain-2a, myosin I:ghl chain-2v, and
cardiac-actin: and ion ch 1—cyelic nucleotide-gated p i
channel 2 (supplemental online Table |). The internal control was
185 rRNA. PCR primers were prepared such that they would
amplify the human but not the mouse genes.

Flow Cytometric Analysis

The cells were analyzed using an EPICS ALTRA analyzer (Beck-
man Coulter, Fullerton, CA, http://www beckmancoulter.com). An-
tibodies (anti-human CD10. CDI13, CDI4, CD24, CD29, CD31,
CD34, CD44, CD45, CD54, CD3S, CD59. CD71, CD73, CDwY0,
CDI105, CD106, CD117, CD133. CD140a, CD166, CD309, HLA-
ABC. and HLA-DR) [12] were purchased from Beckman Coulter,
Immunotech (Luminy, France. http:/fwww beckmancoulter.com/
products/pr_i logy.asp). Cy h (Helleback, Denmark,
hup:www cytotech.di/index himl), Santa Cruz Biotechnology Inc.
(Santa Cruz, CA. hup/www.scbl.com), RDI (Research Diagnos-
tics, Inc., Concord, MA, http:/fwww.researchd.com), and Pharmin-
gen Pharmaceutical, Inc. (San Diego. htip:/fwww.bdbiosciences.
com/index_us.shtml).

In Vivo Cardiomyogenic Differentiation of EMCs

EGFP-labeled E.MC ussue graft, made by a novel 3-dimensional
cell sheet pul wis transpl 1 into male F344 nude ruts
(Clea, Tokyo, hupffwww.clea- Japancamr‘,\ (8 weeks of age).
EMC100s and EMC214s (2 X 10%cm®) were plated onto fibrin
polymer-coated culture dishes. Four days after plating, EMCs were
detached as previously described (18], and ransplanted onio the
surl:me of the recipient llean (I-'Jg m; [19). At 2 weeks after
lysis was performed.
Eb!-‘l’-lnbt.led EMC tissuc graft on (he fibrin polymcr-cuatc{l cul-
ture dish did not show cardiomyogenic differentiation in vitro,

www.StemCells.com

and LV end-syswolic di at the mid-
papillary muscle level.

Two weeks after the transplantation, a similar echocardiogram
was performed again: then after opening the abdomen, a blood
sample was drawn from the abdominal great vein: then the left
disphrugm was dissected w inseri a 22-gauge manometer line into
the left ventricle, which was cted to the d (model
TP-400T; Nihon Kohden) to momitor lefl ventricular pressure. The
electrocardiogram and measured pressure were digitized by Power-
Labo (ADInstruments, Milford, MA, hup/fwww.adinstruments,
com) at the sample frequency of 10 KHz and stored in a personal
computer (Macintosh iBook G4 Apple, Cupertino, CA, hupi/
www.apple.com).

Tissue samples were obtained by fixing and slicing along the
short axis of the left ventricle, for every |-mm depth of the veniri-
cle. After Masson's trichrome staining, digital images of samples
were collected using a light microscope (IX-70; Olympus). The
images were digitized and analyzed using an Igor Pro 4 (Wavem-
etrics Inc.). The pixel arca of blue color (fibrosis area) was defined
as the infarcted area, and the pixel area of red color was defined as
“survived” myocurdivm. The data on each pixel area from each slice
were collated and the percentage fibrosis area was calculated as
follows: % Fibrosis = 100 % (Pixel area of blue color)/(Pixel area
of blue color and red color).

Statistical Analysis

All data are shown as the mean value = SE. The difference among
mean values was determined with analysis of variance. The posthoc
test (Bonferroni) was used when three or more groups were com-
pared. Student’s 1 test was used when two values were compared.
Statistical significance was set at p < .05,

fz RESULTS I

Cardiomyogenic Transdifferentiation of MMCs

To exclude cell fusion-d Jent  cardiomyog is [20].
EGFP-labeled MMCs were cocultured in the same dish with
mouse cardiomyocytes, separated by a 40-pm high-density
athelocollagen membrane (Fig. 1M). The two cell types were
never in direct contact. On day 5 after cocultivation com-
menced, approximately half of the MMCs were beating strongly
in a synchronized manner (supplemental online Video 1). Im-
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Culture dish

Figure 1. Can

MMC (har denates 100 pm), regarded as being PDI, or day 2 (B): The representative growth ¢

moan + SE

omyogenic differentiation of menstrual blood-denved mesenchymal cells (MMCs) in vitro, (A): Phase-contrast microscopic view of

ves of MMCs as a function of time after the culture

The growth curves from all three donors are linear over at least 25 population doublings. (C-F): Laser confocal microscopic view of immunocy
tochemistry of differentiated MMCs with anti-cardiac troponin-1 (Trop-1) antibody. Enhanced green fluorescent protein (EGFP)-positive (green)
human MMCs expressed Trop-1 (red). Scale bar denotes 20 um. (D): Expansion of arca within the white box in (C). Clear striation pattern of Trop-
is observed. Trop-1 and EGFP images along the yellow ling are shown in (E, F), (E, F): Trop-1 and EGFP staining was observed ely in striated
manner, suggesting Trop-1 is expressed in the EGFP-positive cell, (G=I): EGFP-labeled MMCs were injected with Alexa 568 solution (red) through
a microelectrode to confirm that the recorded signal was obtained from MMCs, (J): Representative action potential traces are shown (horizontal line
denotes 500 ms). The vertics | line denotes O mV. (K): Action potential parmmeters. (L): A representative

line denotes 50 mV, and dotted horizc

still image left panel) and det
Expenn
i diastolic potential

munocytochemistry revealed that the MMCs were stained pos-
itive by the anti-cardiac troponin-1 antibody (Fig. 1C-1E). Clear
striations of red fluorescence of troponin-1 in the dilferentiated
MMCs (Fig. 1D, 1E) were observed. Troponin-1 and EGFP
staining appeared alternately in a striated manner, suggesting
troponin-1 expressed in the EGFP-positive cell (Fig. 1E, IF).
Clear striations were observed with red fluorescence of a-acti
nin in the differentiated MMCs (Fig. 2B) and diffuse dot-like
staining pattern of connexin 43 around the margin of each
EGFP-positive cardiomyocyie (Fig. 2C-2F), suggesting that
these human transdifferentiated cardiomyocytes have tight elec-
trical coupling with each other. APs were recorded from spon-
taneously beating MMCs. The APs obtained from MMCs
showed clear cardiomyocyte-specific sustained plateaus and
slowly depolarizing resting membrane potentials—so-called
“pacemaker potentials” (Fig, 1), 1K}l—and were, therefore, de-
termined to be APs of cardiomyocytes, not of smooth muscle
cells, nerve cells, or skeletal muscle cells. The fractional short-
ening (% FS) of the MMCs was analyzed (Fig. 1L) using a cell
edge detection program. The EGFP-positive cells contracted
simultaneously within the whole visual field. The % FS was
59 + (0.5% (n = 19)

enial schema. Abbreviations: ADP, action potential duration; BCL. basic cycle length: DAPL 4

ted fractional shortening (% FS) along the white line obtained from sites a. b, and ¢ are shown in right panel. (M):

-diamidino-2-phenylindole; MDP, max-

The percentage of cardiac troponin-I-positive cells was cal-
culated to derermine the cardiomyogenic transdifferentiation
rate. Whereas MMCs without cocultivation did not show any
troponin-I expression (supplemental online Figs. 1A-1D, 2A,
2B), 27%-32% of MMCs became positive for cardiac troponin-1
antibody as @ result of the cocultivation (Figs. 1C-IF, 4A,
supplemental online Fig. 2C, 2D). A cytosine analog, S-azaC,
has a remarkable effect on cell transdifferentiation and has been
shown to induce transdifferentisgion BMMSCs into cardiomy
ocytes in mice by nonspecific demethylation of the genome [1]
Cardiomyogenic transdifferentiation was observed in the cocul-
tivated MMCs without any S-uzaC pretreatment, meaning that
S-azaC was not essential for cardiomyogenic transdifferentia-
tion. Nuclear fusion between the cocultivated MMCs and mu-
ring cardiomyocyles without 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 in
the MMCs was the endometrial gland, since MMCs have a
high content of detached endometrial glands, whereas circu-
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Figure 1. lmmunocytochemical analysis
of menstrual blood-denved mesenchymal
cells (MMCs) and EMC214s stained with
NTETIC a-actinin and connexin 43
aser confocal microscopic view
ol Immunocylochemisiry of dilferentialed
MMCs and EMC2 145 with anti-carcomeric
a-actinin  (a-actinin) and connexin 43
(Cxd3) antibody. (A-F, G=L): Enhanced
green fluorescent protein  (EGFP)-positive
(E, K; green) human MMCs and EMC214s
express a-actinin (B, H; red) and Cx43 (CL L
cyan). Nuclei are stained with 4"-6-dia
nidino-2-phenylindole (DAFI) (A, G; blue)
Clear striation patterns of e-actinin and dif’
fuse Cx43 dot-like staining around the nur
gin of the MMCs and EMC214s were ob
served. Scale bars in the figure denote 50 am

&= 15
28 T s

"0

X
54% %5

a =

-y
~VVVYY

Time 1s o Meoan « SE

Figure 3. Cardiomyogenic differentiation of endometrial gland-denved mesenchymal cells (EMCs) in vitro. (A, C): Immunocytochemistry ¢
differentiated EMCI00s (A) and EMC214s (C) with anti-cardiac troponin-I (Trop-1} antibody. The cells were stained with 4"-6-diamidin
phenylindole (DAPIL blue)., and anti-cardiac roponin-1 antibody (red). Enhanced green fluorescent protein (EGFP)-positive (green) human EMCs
expressed Trop-l (red). Please note clear striation staining pattern of Trop-1 (A, C) in EMCs. 5 bar denotes 20 um. (B, D): Phase-contrast images
of EMC100s (B) and EMC2 14s () before the cardiomyogenic induction. (E, H): EGFP-labeled EMC 100s and EMC2 145 (green) were injected with
Alexa 568 solution (red) through a microclectrode (E, H), and a recorded signal was obtained from the cells. Representative action potential traces
are shown (F, G: EMC100; 1, J: EMC214). Action potential of E is expanded in the inset (the vertical line denotes 100 ms). The vertical line denotes
50 mV and dotted horizontal line denotes 0 mV levels. (K-M): A representative still image (K) and detected fractional shortening (% F5) along the
while line obtained from sites a, b, ¢, and d in (L) are shown in (M), (M): The measured % FS was averaged and is shown

lating blood-derived endothelial progenitor cells [21] or mar- EMCs (Fig. 3B, 3D) with a lifespan prolonged by a cell
row-derived MSCs [2] do not have such high cardiomyogenic cycle-mediated gene to ensure a supply of cells for analysis
differentiation ability. We conscquently established a line of Almost all EMCs beat strongly in a synchronized manner

www, StemCells.com
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5] [ ]
Figure 4. Cardiomyogenic transdifferentiation rates and expression of cardiomyocyte-specific genes and cell surface markers of menstrual
blood-derived mesenchymal cells (MMCs) and endometrial gland-derived mesenchymal cells (EMCs). (A=D): Cardiomyogenic transdifferentiation
rutes of MMCs, EMCs, and bone marrow-derived mesenchymal stem cells (BMMSCs). The character in each column denotes pretreatment with
S-azacytiding (S-azaC) or the lack of treatment (non). (E): Reverse trunscriptuse polymerase chain reaction (PCR) was performed with PCR primers
with specificity for human genes encoding cardiae proteins but not for the comesponding murine genes (supplemental online Table 1). Human hean
and mouse heart cells were used as a positive control and negative control, respectively. Most human cardiac genes were constitutively expressed in
the default state of MMCs and EMCs. (F): Summary of flow cytometric analysis of MMCs and EMCs with fluorescein isothiocyanate—coupled
antibodies against human surface antigens. Abbrevistions: DW, distilled water: EGFP, enhanced green fuorescent protein, hANP. human atrial
natriuretic peptide; hRBNP. human brain natriuretic peptide: HCN2, cyclic nucleotide-gated potassium channel 2: MLC2a. myosin light chain 2a;

MLC2V. myosin light chain 2v; Tnl, Trop-1, cardiae troponin [; Ta'T, cardiac troponin T

(supplemental online Video 1), and 76.4%-96.5% became
positive for cardiac troponin-1 antibody as a result of cocul-
tivation (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 from
EMCs. The APs obtained from EMCs showed clear cardio-
myocyle-specific sustained plateaus and, in some cells, pace-
maker potentials (Fig. 3E-3J). The EGFP-positive EMCs
contracted simultaneously within the whole visual field (Fig
L, 3M). Nuclear fusion between the cocultivated EMC100s
or EMC214s and murine cardiomyocytes without separation
of the athelocollagen membrane was ohserved in only 0.57%
(6/1058) or 0.28B% (5/1758), respectively.

Expression of Cardiomyocyte-Specific Genes and
Surface 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. Differentiated MMCs and EMCs expressed cardiac-
specific genes (Fig. 4D). Interestingly. most of the analyzed
genes were expressed in the cells before the induction of trans-
differentiation by cocultivation

There is no difference between surfuce markers ol Lthe
MMCs and EMCs. Both cells were positive for CD29 (integrin
B1), CD59, and negative for CDI14, CD34, CD45, CD309 (Flk-
1), etc. (Fig. 4E, supplemental online Fig. 3A-3C).

Cardiomyogenic Effects In Vivo

An EGFP-labeled EMC tissue graft made by a novel 3-dimen-
sional cell sheer manipulation [18] was transplanted into male
F344 nude rats (0 ensure in vivo cardiomyogenic transdifferen-

tiation ability. The EGFP-positive cell layer (green) was oh-
served at the epicardial surface of the host heart (Fig. 5B-5D).
Whole EMCs throughout the layer expressed a clear striation
slaining pattern of sarcomernic a-actinin (Fig. SB-5G), suggest-
ing extremely high cardiomyogenic transdifferentiation ability
of EMCs in situ.

MMCs or BMMSCs were transplanted into the nude rats
with Ml in vivo, Echocardiography showed that the left ven-
tricular fractional shortening (% LVFS) in the MI+MMC group
was significantly greater than it in the MI+BMMSC group at 2
weeks after transplantation (Fig. 6A-6l, supplemental online
Fig. 4). The MI area was digitized and every |-mm depth of
tissue section stained with Masson’s trichrome (Fig. 6J-60),
averaged data are shown in Figure 6P, The MI arca was signif-
icantly lower in the MI+MMC group than in the MI+BMMSC
group. The EGFP-positive mass of MMCs observed in the Ml
area expressed a clear striation staining pattern of cardiac tro-
ponin-1 (Fig. 7) and sarcomenc a-actimn (supplemental online
Fig. 5), suggesting an extremely high in situ 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 pattern of MMCs and EMCs before car-
diomyogenic transdifferentiation is quite different 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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Figure 5. In vivo cardiomyogenesis of endomernum-derived mesenchymal cells (EMCs) in cell sheet tissue graft on host heart. (A): Macroscopic

view of enhanced green fluorescemt protem (EQ

weeks a

(C): Engrafted EMCs stained positive with anti-sarcomeric a-actinin (red; ca-actinin), (F
staining was observed throughout the entire layer of engrafied EMCs. suggesting
¢ bar denotes 20 pm

dewil in (E-G). (F): The clear striation pattern of o-acti
extremely high cardiomyogenic potential of EMCs in si. S

ability of self-renewal suggest that MMCs and EMCs both have
cardiogenic potential and may be termed “cardiac precursor
cells™ due to their biological features, Cardiac mRNA but not
cardiac protein (i.e.. troponin-1) was expressed at the default

state in the present study, suggesting that both genetic and
epigenetic factors may be essential 1o cause physiologically
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 to
the default characteristics (expression level of cardiomyocyte-
specific mRNA) of MMCs and EMCs in culture compared 1o
marrow-derived MSCs. Highest cardiomyogenic transdifferen-
tiation efficiency was observed in EMC214s (96.5%), EMC100s
(76.4%), UCBMSCs (44.9%) [11), MMCs (33.2%), PCPCs
(15.1%) [12], and BMMSCs (0.3%, Fig. 4D) [2] in that order. In
the practical point of view, EMCs and UCBMSCs are difficult
to obtain in enough numbers during the [first lew passages
MMCs are, therefore, the most suitable cellular source for
cardiac stem cell therapy, having a high cardiomyogenic trans-
differentiation iciency. MMCs, EMCs, UCBMSC, and
PCPCs are derived from the organ that is related to the preg-
nancy, therefore the high cardiomyogenic transdifferentiation
ability of mesenchymal cells may be caused by a pregnancy-
d environmental condition

Origin of the MMCs and EMCs

Cell surface marker analysis revealed that MMCs are peither
encirculating endothelial progenitor cells [22] nor macrophages,
but are mesenchymal phenotype cells. We speculated that
MMCs may originate in uterine endometrial glands since a lot of
detached endometnal glands were observed m menstrual blood
and EMCs have the same surface marker as the MMCs. as well
as an extremely high cardiomyogenic potential (76.4%-96.5%
and 33.2%, respectively). As has been reported, MSCs cannot
be detected in circulating blood and all nssues have MSC

www.StemCells.com

Pj-labeled EMC tissue graft (sheet) on the epicardial surface of the re
transplantation, immunchistochemistry revealed survival of EMC tissue layer (green) on the recipient heart. Scale bar denot

ipient’s heart. (B-I: Two
LLLNTT

z): The area in the white box in (B) is shown in greater

. 50 EMCs and

reservoirs localized in the perivascular niche |
MMCs do not seem to originate from BMMSCs

Clinical Contribution

In the present study, MMC transplantation improved impaired
cardiac function in vivo, Since MMCs were transplanted at 2
weeks after coronury occlusion, when myocurdial necrosis had
been completed, the improvement of cardine function is not due
only to transplanted MMC-induced neovascularization [7, 8] or
an antiapoptotic [9] effect on infarcted cardiomyocytes. Since
they display high cardiomyogenic transdifferentiation ability in
vitro and massive cardiomyogenic transdifferentiation in vivo,
MMC-derived cardiomyocytes may play a role in the improve-
ment of cardiac function in the present study. Myocardial in

farction is known (o suppress contraction ability of cardiomyo-
cytes even st normal zone by left ventricular remodeling.
Therefore MMC-derived paracrine [aclors may also play an
important role in recovery of % LVFS by prevention of devel-
opment of LV remodeling

Neovascularization and the antiapoptotic effect are impor-
tant for improving cardisc function to some extent. However,
the feasible effect is dependent ol = number of residual host
cardiomyocyies in the infarcted myocardium. To achieve further
improvement of cardiac function, a stem cell source that can be

expecied to exhibit powerful cardiomyogenic transdifferentia-
tion in situ is required. MMCs can be transdifferentinted into
cardiomyocytes in situ on the recipient heart. suggesting that
they are a promising source for cardiac stem cell-hased therapy
material, significantly more efficient for cardiomyogenesis than
BMMSCs

MMCs can be readily obtained in a noninvasive manner
from young female volunteers, and stored. It should therefore be
possible to obtain MMCs of all the HLA types. possibly en
abling the establishment of an MMC bank system to facilitate
cardiac stem cell-based therapy
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Figure 6. The effect of menstrual blood-derived mesenchymal cell (MMC) tansplantation on cardiac function, (A=D): Representative M-mode
echocardiographic images. The contraction of the left ventricular (LV) anterior wall was improved by transplantation of MMCs (white arrows). The
symbol of and number in each group is depicted at the botom left of each image. (E~I): Measured LY parameters are averaged and shown at 2 weeks
and 4 weeks after the myocardial infarction (MI). The significant improvement of (F) LV end-systolic diameter (LVESd) and (E) % fractional
shortening (% LYFS) were observed. The diameter of (H) anterior kefl ventnicular wall thickness (AW), and (1) posterior left ventricular wall thickness

(PW). Thete is no statistical significance. (J-0): Representative Masson's trichrome stain images (J, L, N) and digitized images (K, M

+ 0) of control

M1 group. M1 +bone marrow-derived mesenchymal stem cell (BMMSC), and M1+MMC group arc shown. (P): The calculated % fibrosis areas are
summed and averaged. The MMC transplantation showed significant reduction of % fibrosis area. Abbrevimtions: Endo, endocardium; Epi.

epicardium; NS, not significant

Role of Established Cardiomyogenic EMC Cell Line
for Determining Cardiomyogenic Factors

Several siem cell types are used for clinical patients. Of these,
MSCs are reported to show cardiomyogenesis in vitro, Thus, the
analysis of key mechanisms for cardiomyogenic differentiation
in the human mesenchymal cell is extremely important in order
to expand the efficacy of current cardiac stem cell therapy
However, it is very difficult to specify the key factor of car-
diomyogenesis by in vivo experiment only. Establishmeni of
EMCs and an in vitro cardiomyogenic differentiation assay
system are essential. Stable and high cardiomyogenic transdif-
ferentiation ability in our established system enables us o0
observe, with wide dynamic range, the effects of treatment for
cardiomyogenesis. Moreover. the primary culture condition of
muring cardiomyocytes usually fluctuates due to variations in
environments, the skill of individual researchers, and institu-
tional differences in isolation protocols. Our established EMCs
may provide a good positive control for a cardiomyogenic assay
system in vitro to check whether the feeder cell condition is
suitable for cardiomyogenic assay. When feeder conditions are
suitable, we can survey for possible cardiomyogenic assistant
factors or appropriate cullure conditions [or human BMMSCs
by applying various agents or modifying culture conditions
systematically. Thus, by using our EMCs and cocultivation
system. we may be able 1o expand the cardiomyogenic differ-
entiation potential of marrow-derived MSCs. Consequently, we

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

Neither passive stretching of EMCs nor an application of the
supernatant of murine cardiomyocyte culture medium o the
EMCs alone caused cardiomyocyte differentianion. Taking these
findings into account, the muliiple environmental factors, in-
cluding mechanical stretching and/or feeder cardiomyocyte-de-
rived humoral factors, seem to contribute to cardiomyogenic
transdifferentiation in human mesenchymal cells. Further exper-
iments should be done.

Study Limitations

Cell fusion between the human cells (MMCs or EMCs) might
be a major cause of EGFP-positive cardiomyocytes in the
present study. However, EGFP-positive cardiomyocyles
could be observed, even when human cells and murine car-
diomyocyles were cocultured separately by the athelocolla-
gen membrane that is permeable for only small molecules
(less than 5,000 MW )—thus allowing no possible penetration
of cells or organelles through the membrane (supplemental
online Fig. 6). Furthermore, even if the cells were cocultured
without the athclocollagen membrane, nuclear fusion be-
tween EMCI100s, EMC214s, or MMCs and fetal murine
cardiomyocytes was less than 1% in the present study. More-
over, transdifferentiated EMCs at the external layer of the
cell sheer graft on the epicardial surface did not directly
contact the host cardiomyocytes (Fig. 5). Taking these results
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Figure 7. Cardiomyogenesis of engrafted menstrual blood-derive
recipient’s heant immediately after enhanced green fluorescent prote
infarction area of the recipient’s heart. (B=L): Two weeks afler tr

layer

wm. (E=H, I-L): The area in the white box in (D) was observed in higher resolution (E-H) and the whi
attern of Trop-1 staiming was observed thro
of MMCs in situ

higher resolution (I=L). (K): The clear stnotion
sting extremely high cardiomyogenic poteniis
phenylindole; Endo, endocardium; Epi, epicardium

into account, we concluded that the cell fusion did not play a
major role in the observed significant cardiomyogenic poten-
tal of MMCs and EMCs in the present study

Infarcted heart tissu¢ may increase auto-fluorescence in
some fixative conditions and such auto-fluorescence of host
cardiomyocytes might be confused as EGFP-positive like cells
However, autofluorescence of the host myocardium adjacent to
the infarcted area was not significant in our present condition
(Figs. 5B, 6B, supplemental online Fig. 5B, SF). Therefore,
EGFP-positive tissue in the present study can be defined as of
I n cell origin easily distinguished from th hean
by EGFP fluorescent intensity

The transfection of the cell cycle-mediated gene may in-
extent. However,
with the same

crease cardiomyogenic differentiation to some
our previous study in human BMMSCs, [2]
ansfection, did not

combination of cell cycle-mediated gene tr
show any increase in efficiency. Furthermore, non-gene-trans
fected MMCs have an extremely high cardiomyogenic ]
ciency compared to gene-transfected BMMSCs. Taking t
results into account. we concluded that transfection of those

e

genes does not play an essential role in causing such high
y in EMCs

evious papers, there was no observable
in the

cardiomyogenic differentiation efficie

In comparison to
effect of BMMSC trunsplantation on cardiac [unciion
present study. This discrepancy may be caused hy different
ns, that between
animal [24]. trunsplantation al scute
[ uppressive

5, species difference

experimental conditi
BMMSCs and the
myocardial

nost

ction |25

I immumng
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agenls, elc
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mesenchyms
n (EGFP)-labeled MMC transplaniation (white
wsplantation, mmwunohistochemistry revealed survival of the MMC tissue

cells (MMCs) in vivo, (A): Macroscopic view of the
Tows) into the myocardial

green) on the treated heart, (B-D): Engrafied MMCs stained positive with anti-cardiac troponin-1 (red; Trop-1). Scale bar denotes 100

% in (H) was also observed in
hout the whole layer of engrafied MMC
Abbreviations: DAPI, 4'-6-diamidino

Scale bar denotes 20 pr

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

SUMMARY

MMC transplantation decreased fibrosis area and restored the
LV systolic function in the MI-model in vivo. Engrafied MMC
transdifferentiated into cardiomyocyte within M1 area. MMC
can be a major cell source for stem cell therapy to achicve

diomyogenesis
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Abstract

Background: The critical event in heart formation is commitment of mesodermal 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, especially at the early stage of cardiomyogenic development.

mmwwmchw gene expression analysis using a series of human cells with a cardiomyogenic
potential suggested Gremlin (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/[i-catenin signaling that promoted 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.

Citati Kami D, Shiojima |, Makino H, M. KT i Path to Cardiomyogenesis. PLo5 ONE 3(6):

€2407, doi:10.1371/journal pone.0002407
Editor: Hernan Lopez-Schier, Centre de Regulacio Genomica, Spain
Received January 15, 2008; Accepted May 5, 2008; Published June 11, 2008

Copyright: © 2008 Kami et al. This is an open-access artice dymbuml under the terms of the Creative Commons Attribution License, which permits
ted use, ibution, and reproduction in any medium, p iginal author and source are credited.

Funding: This study was supported by a grant from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan and Health and Labor
Sciences Research Grants; by a Research grant on Health Sclence Focusing on Drug Innovation from the Japan Health Science Foundation; by the Program for
Promotion of Fundamental Studies in Health Science of the Pharmaceuticals and Medical Devices Agency; by a grant from the Terumeo Life Science Foundation;
by a Research Grant for Cardiovascular Disease from the Ministry of Health, Labor and Welfare (MHLW); and by a Grant for Child Health and Development from the

hi ¥, et al. (2008) Gremlin Enhances the D

MHLW.

* E-mail: umezawa@®1985 jukuin keio.acjp

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The critical event in heart formation is commitment of
mesodermal cells to a cardiomyogenic fate and their migraton into
anterolateral regions of the embryo during late gastrulation. In this
process, morphogenic movements and cardiac fate determination
are regulated by cytokines such as bone morphogenetic proteins
(BMPs) [1-3], and fibroblast growth factors (FGFs) [4-7]. These
secreted proteins from neighboring endoderm, ectoderm, and the
mesoderm itself, play important roles in induction of carchac
transcription [actors [8] and differentiation of cardiomyocytes in
amphibians [9] and avians [4]. Cardiomyogenic signals, such as
BMPs and FGFs, indeed activate expression of cardiac specific
transcriptional factors (Csx/Nkx2.5, Gatat, Mel2c), and these
transcriptional factors activate expression of circulating hormones
(atrial natriuretic peptide (ANP), brain natriuretic peptide (BNF),
and cardiac specific proteins (myosin heavy chain (MyHC), myosin
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light chain (MyLC)). Wnt family proteins, cysteine-rich, and secreted
glycoproteins, have also been implicated in embryonic development
[10,11], and cardiomyogenesis [12,13). In Drosophila, ‘wingless', a
homologue of vertebrate Wnt is involved in expression of “fnman’, a
Drosophila homologue of Csx/Nkx2.5, through ‘anmadill’, a Drosophila
ortholog of P-catenin, and drives heart development [14]. In
vertehrates, however, Wnt1/3a, which activates the canonical Wnt/
B-catenin signaling pathway leading to stabilization of f-catenin as a
downstream molecule through inactivation of glycogen synthase
kinase-3f, inhibits cardiomyocytc differentiaton from cardiac
mesoderm [15-18]. Wntll promotes cardiac differentiation via
the non-canonical pathway in Xengpus [12] and murine embryonic
cell lines [19]. The secretion of Wnt inhibitors such as ‘Cerberus’,
‘Dickkopf and ‘Crescent’ by the anterior endoderm prevents Wnt3a
secreted by the neural wbe from inhibiting heart formation [15-17].

In this study, we performed GeneChip analysis to identify
multiple extracellular determinants, such as cytokines, cell
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membrane-bound molecules and matrix responsible for cardio-
myogenic differentiation, and evaluated the statistical significance
of differential gene expression by NIA array analysis (http://lgsun.
gre.nia.nih.gov/ANOVA/) [20], a web-based tool for microarray
data analysis. We found that Greml enhances the determined
path to cardiomyogenesis in a stage-specific manner, and that
inhibition of the BMP signaling pathway is, at least m part,
involved in initial determination of Grem|-promoted cardiomyo-
genesis.

Results

GeneChip and statistical analysis

To identfy cytokines and transcription factors responsible for
cardiomyogenic differentiation, 69 human cells were analyzed,
depending on gene expression levels, by GeneSpringGX software,
and clustered into 30 groups (Fig. 1A, Table 1). Among the 30
groups, 21 groups included cells with a cardiomyogenic potential
(Fig. 1B: red numbers). To identify genes specific for these groups,
hierarchical clustering was employed, using the average distance
method. Genes with the lowest average expression E(G1) within
the cluster that can differentiate into cardiomyocytes and genes
with the highest average expression E(G2) outside the cluster were
identified, as previously described [20-22]. Genes which have
E(GI)=E(G2) were estimated, using the False Discovery Rate
(FDR<0.05). Grem] was nominated as a cluster-specific cardio-
myocyte-promoting gene in cells that could differentiate into
cardiomyocytes following NIA array analysis (Fig. 1B). The gene
expression profile reported in this paper has been deposited in the
Gene Expression Omnibus (GEO) database (http://www.nchi.
nlm.nih.gov/geo:  accession  no.  GSES8481, GSM41342-
GSM41344, and GSM201137- GSM201145).

Cardiomyogenic differentiation of CL6 cells with Grem1
and DMSO

To investigate cardiomyogenic activity of Greml, P19CL6
embryonal carcinoma cells (CL6 cells) were used for assessment of
m o cardiomyogenic differentiation, since CL6 cells are
reproducibly and stably induced into beating cardiomyocytes by
DMSO (Fig. 2Aa) [23]. CL6 cells did not differentiate following
exposure to Grem| alone at concentrations of 63 or 125 ng/ml for
14 days (Fig. 2B). However, Greml dramatically promotes
DMSO-mnduced cardiomyogenic differentiation at a concentration
of 63 and 125 ng/ml; Grem! (125 ng/ml) especially mcreased
DMSO-induced cardiomyogenic differentiation of CL6 cells as
assessed by beating area (Fig. 2Ab and B) (Movie S1 and S2,
hittp:// 1954 jukuin.keio.ac.jp/umezawa/kami/index.huml),

RT-PCR of differentiated or undifferentiated CL6 cells

To investigate gene expression as well as morphological
analysis, i.e. beating, during cardiomyogenic differentiation, R'T-
PCR analysis was performed to detect expression of cardiomyo-
cyte-specific/ associate transcription factors, and structural genes
(Fig. 2C). Genes encoding Cix/Nkx2.5, Gatad, Hand2, MefZe, ANP,
BNP, MyLC-2a, MyLC-2y, and fi-MyHC were up-regulated during
cardiomyogenic differentiation of CL6 cells treated with Greml
and DMSO (Fig. 2C: lanes 6, 7 versus lane 3). Triplicate
independent experiments confirmed the concentration-dependent
Grem| action on cardiomyogenic differentiation. The cardiomy-
ocyte-specific  genes  (Csx/Nke2.5, Gatad, MyLC-2a, MyLC-2)
expression level of CL6 cells treated with DMSO and Greml
(63 and 125 ng/ml) were also the same as or higher than that
of DMSO-induced CL6 cells by semi-quantitative RT-PCR
(Figure S1).

'_-'@,'. PLOS ONE | www.plosone.org

Grem1-Induced Cardiogenesis
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= Cells in this groups can
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Figure 1. Hierarchical clustering analysis on cultured human
cells. (A} Hierarchical clustering analyzed by GeneSpring. Based on
gene expression pattern, 69 human cells were clustered into 30 sub-
groups. The raw data from the GeneChip analysis are available at the
GEOD database with accession number GSEB4B1, G5M41342- GSM41344,
and GSM201137- GSM201145. (B) Hierarchical clustering analysis was
performed by NIA array (http:/igsun.grcnianih.gov/ANOVA/), using
averaged values of 30 sub-groups. Among the 30 groups, 21 groups
included cells with a cardiomyogenic potential. To identify genes
specific for these groups, hierarchical clustering was employed. Grem]
was nominated as a cluster-specific cardiomyocyte-promoting gene in
cells that could diff iate into cardiomyocytes.
doi:10.1371/journal.pone.0002407.g001

Immunocytochemistry of differentiated or
undifferentiated CL6 cells

To examine CL6 cells for expression of cardiomyocytic protein,
i ytochemical analysis was performed. CL6 treated with
Greml (125 ng/ml) and DMSO exhibited clear striation with
immunostain using anti-cTn'l" or anti-o-actinin (Fig. 2Da and b).
The MF20- and ¢I'nT-positive cells after exposure to Grem! and
DMSO formed clusters (Fig. 2Ea), compared with the cells after
exposure to DMSO alone (Fig. 2Eb). CL6 cells treated with
Grem! alone were negative for MF20 and ¢I'nT, but became
positive for both markers following exposure o Grem| (63 and
125 ng/ml) and DMSO (Fig. 2F). The beating arca (Fig. 2B)
showed a tendency similar to the MF20- and ¢TnT-positive area
(Fig. 2F), thus there were positive correlations berween them.
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Table 1. 69 human cells clustered into 30 groups

Grem1-Induced Cardiogenesis

Group

2 Pulmonary epithelial cedl line

3 Lymphocyte

4 Myelomonocytic leukemia

5 Embryonal carcinoma, cancer
6 ES cell

10 Ewing, cancer

n Bone marrow cell, primary

12 Ligament-derived cells
Mamrow stromal cells
13 Placenta, primary

14 De-differentiated chondrocyte

17 Cord blood-derived cells
Adipocyte cell, primary
18 Marrow mesenchymal cell, primary

19 Cord blood, primary

'@ PLoS ONE | www.plosone.org

15 Neural differentiated marrow stromal cell
16 Neural differentiated marrow stromal cell

Title Description

NHEK-Neo1 "~ Normal epidermal keratinocyte, neonate, primary
NHBE-1 Narmal bronchial epithelial cell, primary
AS49 Pulmonary epithelial cell line

BEAS-2B control (6hr) Bronchial epithelial cell line

RPMIB226control (6hr) B cell line

Raji-1 B cell line

NK92 NK cell line

U937e U937 control

Ua3Th U937+HRF

U937ha U937 +HRF+antibody

U937a U937+antibody

NCR-G3 Embryonal carcinoma, NCR-G3, non-adherent
NCR-G2NAd yonal carci NCR-G2, non-adF
NCR-G4Ad Embryonal carcinoma, NCR-G4, adherent
NCR-G3Ad bryonal NCR-G3, adt

H1_P43 Undifferentiated hES

H1-P46 Undifferentiated hES

H1-P41 Undifferentiated hES

NCR-G2Ad Embryonal carcinoma, NCR-G2, adherent
NCR-G1 Embryonal carci NCR-G3, non-adt it
NCR-EW2 Ewing, cancer

NCR-EW3 Ewing, ETV4, cancer

G5T6 Ewing, POUSF1, cancer

GSTé-extra Ewing, POUSF1, cancer

GSTe-5az Ewing, POUSF1, SazaC, cancer
GST6-5az-extra Ewing, POUSF1, 5azaC, cancer

Ha-1 Bone marrow cell, primary

UBTS Bmi-1, hTERT, bone marrow cell

UBETY Bmi-1, E6, hTERT, bone marrow cell

#10 Ligament, primary

H10-2Vee Vector, bone marmow cell

H10-2TERT hTERT, bone marrow cell

H10-2Bmi1 Bmi-1, bone mamrow cell

PL9O Placenta, primary

TdHC1 E6, E7, hTERT, de-differentiated chondrocyte
UET13 Neural differentiation E7, hTERT, neural differentiation, bone marrow cell
UET13 Neural differentiation] E7, hTERT, neural differentiation, bone mamow cell
UET13 Neural differentiationd E7, hTERT, neural differentiation, bone mamow call
UET13 Neural differentiation5 E7, WTERT, neural differentiation, bone marrow cell
UET13 E7, hTERT, bone marrow cell

UCB408 Cord blood, primary

UCB40BEGET-31 E6, E7, umbilical cord blood

HAJPC1(5/21) HAdpc1EGETTERT28

UEET12 E6, E7, hTERT, bone marow cell

UEE16 E6, E7. bone marrow cell

EPC hTERT+1 E6, E7, hTERT, endometrial cell

UCB302 Cord biood, primary

UCB302-D7 Cord blood, primary

UCB302TERT hTERT, cord biood

UET9 E7, hTERT, bone marrow cell

G5M

GSM210361
GSM210362
GSM210363
G5M210364
GSM210365
G5M210366
GSM210367
GSM210368
GSM210369
GSM210370
GSM210371
GSM201141
GSM210373
GSM201142
GSM210375
GSM41342
GsMa1343
GSM41344
GSM201140
GSM201139
G5M210378
G5M210379
GSM201137
GSM210381
GsM201138
GSM210383
GSM201143
GSM210385
GSM210386
GSM210387
GSM210388
GSM210389
G5M210390
GSM210391
GSM210392
GsM210393
GSM210394
GSM210395
G5M210396
G5M210397
G5M210398
GSM210399

'G5M210400

GSM210401

‘G5M210402

G5M201144
G5M210382
GSM210405
GSM210406
GSM210407
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