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- Zhu, W, Shiojima, |., Ito, Y., Li, Z., Ikeda, H.,
Yoshida, M., Naito, A.T., Nishi. J.I., Ueno, H.,
Umezawa, A., Minamino, T., Nagai, T., Kikuchi, A.,
Asashima, M., Komuro, . IGFBP-4 is an inhibitor of
canonical Wnt signalling required for cardiogenesis.
Nature 454:345-349, 2008.

+ Minamino, T., and Komuro, L.

insights from studies on cellular senescence, stem cell

Vascular aging:
aging. and progeroid syndromes. Nat Clin Pract
Cardiovasc Med 5: 637-648, 2008.

* Toko. H., Minamino, T., and Komuro, 1. Role of
heart shock transcriptional factor | and heart shock
proteins in cardiac hypertrophy. Trends Cardiovasc
Med 18:88-93, 2008.

« Monzen, K., Ito, Y., Naito, A.T., Kasai, H., Hiroi, Y.,

Hayashi, D., Shiojima, |., Yamazaki, T., Miyazono, K.,

Asashima, M., Nagai, R., Komuro, I. A crucial role
of a high mobility group protein HMGAZ2 in
cardiogenesis. Nat Cell Biol 10:567-574, 2008.

+ Nishi, J., Minamino, T., Miyauchi, H., Nojima, A.,
Tateno, K., Okada, S., Orimo, M., Moriya, J., Fong,

G.H., Sunagawa, K., Shibuya, M., Komuro, 1. Vascular

endothelial growth factor receptor-1 regulates postnatal
angiogenesis through inhibition of the excessive
activation of Akt. Circ Res 103:261-268, 2008.
+ Takano, H., Komuro. I. Peroxisome proliferator
activated receptor gamma and cardiovascular diseases.
Circ J 73:214-220, 2009.
+ Akazawa H, Komuro 1.
PKA: Proteasomes in in vivo Hearts. ] Mol Cell
Cardiol. 2009;46:445-447.

- Yasuda N, Akazawa H, Qin Y, Zou Y Komuro [. A

novel mechanism of mechanical stress-induced

“Change Can Happen” by

angiotensin II type | receptor activation without the
involvement of angi otensin II. Naunyn
Schmiedebergs Arch. Pharmacol. 37, 393-399, 2008.

+ Ajima R, Akazawa H. Kodama M, Takeshita F,
Otsuka A, Kohno T, Komuro I, Ochiya T, Yokota J.
Deficiency of Myo18B in mice results in embryonic
lethality with cardiac myofibrillar aberrations. Genes
Cells. 13, 987-999, 2008.

» Fujita T, Ohtsuka M, Uchida E, Yamaguchi H,
Nakajima T, Akazawa H, Takano H, Nakaya H,
Komuro |. Takayasu arteritis evaluated by multi-slice
computed tomography in an old man. Int J Cardiol.
2008;125:286-7.

- Utsumi T, Ohtsuka M, Uchida E, Yamaguchi H,
Nakajima T, Akazawa H, Takano H, Nakaya H,

Komuro [. Abdominal aortic pseudoaneurysm caused
by prolonged methicillin-resistant Staphylococcus

aureus sepsis. Int J Cardiol. 2008;128:294-5.
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+ The 2™ Oriental Congress of Cardiology(May
30-Junel, 2008, Shanghai, China)Molecular
Mechanisms of Heart Failure.

= Stems of the Heart: Myocardial and Vascular
Rebirth(Sep 11-13, 2008, Boston, USA) A Novel

Cardiomyocyte Differentiation Factor.
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- Keystone Symposium on GPCRs (May 18-23, 2008,
Killarney, Ireland) Conformational switch of
angiotensin Il type 1 receptor underlying mechanical
stress-induced activation
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+ 5th Annual Symposium of the American Heart
Association’s Council on Basic Cardiovascular
Sciences (Jun 30- August 2, 2008, Keystone, USA).
Activation of CaMKII delta is critically involved in
mutated cardiac alpha actin-induced dilated

cardiomyopathy.
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* Balcazar N, Sathyamurthy A, Elghazi L. Gould A,
Weiss A. Shiojima [, Walsh K, Bernal-Mizrachi E.
mTORC] Activation Regulates {beta}-Cell Mass and



Proliferation by Modulation of Cyclin D2 Synthesis
and Stability. J Biol Chem.284:7832-42, 2009

* Gremlin enhances the determined path to
cardiomyogenesis. Kami D, Shiojima I, Makino H,
Matsumoto K, Takahashi Y, Ishii R, Naito AT, Toyoda
M, Saito H, Watanabe M, Komuro |, Umezawa A.
PLoS ONE. 3:e2407, 2008

+ IGFBP-4 is an inhibitor of canonical Wnt signalling
required for cardiogenesis. Zhu W, Shiojimal, lto Y,
Li Z, Ikeda H, Yoshida M, Naito AT, Nishi J, Ueno H,
Umezawa A, Minamino T, Nagai T, Kikuchi A,
Asashima M, Komuro . Nature. 454:345-9, 2008

+ A crucial role of a high mobility group protein
HMGA?2 in cardiogenesis. Monzen K, Ito Y, Naito
AT, Kasai H, Hiroi Y, Hayashi D, Shiojima I,
Yamazaki T, Miyazono K, Asashima M, Nagai R,
Komuro I. Nat Cell Biol. 10:567-74, 2008.
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- Basic Cardiovascular Sciences Conference (Keystone,
CO. July 28-31, 2008). IGFBP-4 is an inhibitor of
canonical Wnt signaling required for cardiogenesis.

« Molecular Cardiovascular Conference (F-5% 20 F 9
H 5-7 B, /|5#). IGFBP-4-mediated Wnt inhibition is

required for cardiac myogenesis.
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* Akazawa H, Komuro I.  “Change Can Happen”
by PKA: Proteasomes in in vivo Hearts. | Mol
Cell Cardiol. 2009:;46:445-447.

* Yasuda N, Akazawa H, Qin Y, Zou Y Komuro L.
A novel mechanism of mechanical stress—induced
angiotensin II type 1 receptor activation
without the involvement of angi otensin [I.
Naunyn Schmiedebergs Arch. Pharmacol. 37,
393-399, 2008.

»Ajima R, Akazawa H, Kodama M, Takeshita F,
Otsuka A, Kohno T, Komuro I, Ochiya T, Yokota
J. Deficiency of Myol8B in mice results in
embryonic lethality with cardiac myofibrillar
aberrations. Genes Cells. 13, 987-999, 2008.
-Fujita T, Ohtsuka M, Uchida E, Yamaguchi H,
Nakajima T, Akazawa H, Takano H, Nakaya H,
Komuro I. Takayasu arteritis evaluated by
multi-slice computed tomography in an old man.
Int J Cardiol. 2008;125:286-7.

« Utsumi T, Ohtsuka M, Uchida E, Yamaguchi H,
Nakajima T, Akazawa H, Takano H, Nakaya H,
Komuro 1. Abdominal aortic pseudoaneurysm

caused by prolonged methicillin-resistant

Staphylococcus aureus sepsis. Int J Cardiol.

2008:128:294-5.
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Killarney, Ireland) Conformational switch of
angiotensin Il type 1| receptor underlying
mechanical stress-induced activation
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LETTERS

IGFBP-4 is an inhibitor of canonical Wnt signalling
required for cardiogenesis

Weidong Zhu'*, Ichiro Shiojima'*, Yuzuru Ito®, Zhi Li', Hiroyuki Ikeda', Masashi Yoshida', Atsuhiko T. Naito',
Jun-ichiro Nishi', Hiroo Ueno?, Akihiro Umezawa®, Tohru Minamino', Toshio Nagai', Akira Kikuchi®,
Makoto Asashima® & Issei Komuro'

Insulin-like growth-factor-binding proteins (IGFBPs) bind toand  right panel). In contrast, culture media conditioned by COS7 cells,
modulate the actions of insulin-like growth factors (IGFs)'. mouse embryonic fibroblasts, NTH3T3 cells, Hela cells, END2 cells
Although some of the actions of IGFBPs have been reported to  (visceral endoderm-like cells), neonatal rat cardiomyocytes and neo-
be independent of IGFs, the precise mechanisms of IGF-independ-  natal rat cardiac fibroblasts did not induce cardiomyocyte differenti-
ent actions of IGFBPs are largely unknown'”, Here we report a  ation of P19CL6 cells in the absence of DMSO (Fig. 1a and data not
previously unknown function for IGFBP4 asa cardiogenic growth  shown). From these observations, we postulated that OP9 cells
factor. IGFBP-4 enhanced cardiomyocyte differentiation in vitro,  secrete one or more cardiogenic growth factors.
and knockdown of Igfbp4 attenuated cardiomyogenesis both in To identify an OP9-derived cardiogenic factor, complementary
vitro and in vivo. The cardiogenic effect of IGFBP-4 was independ-  DNA clones isolated by a signal sequence trap method from an
ent of its IGF-binding activity but was mediated by the inhibitory ~ OP9 cell cDNA library” were tested for their cardiogenic activities
effect on canonical Wnt signalling. IGFBP-4 physically interacted by transient transfection, When available, recombinant proteins were
with a Wnt receptor, Frizzled 8 (Frz8), and a Wnt co-receptor, low-  also used to confirm the results. Among candidate factors tested.
density lipoprotein receptor-related protein 6 (LRP6), and inhib-  IGFBP-4 induced cardiomyocyte differentiation of P19CLS cells, as
ited the binding of Wnt3A to Frz8 and LRP6. Although IGF-inde-  demonstrated by the increase in MF20-positive area and the induc-
pendent, the cardiogenic effect of IGFBP-4 was attenuated by IGFs  tion of cardiac markers (Fig. 1b). We also cultured P19CLS cells with
through IGFBP-4 sequestration. IGFBP-4 is therefore an inhibitor  OP9-conditioned media pretreated with an anti-IGFBP-4 neutral-
of the canonical Wnt signalling required for cardiogenesis izing antibody. The application of an anti-IGFBP-4 neutralizing anti-
and provides a molecular link between IGF signalling and Wnt  body attenuated the efficiency of cardiomyocyte differentiation
signalling. induced by OP9-conditioned media (Fig. 1¢). These findings strongly
The heart is the first organ to form during embryogenesis, and  suggest that IGFBP-4 is a cardiogenic factor secreted from OP9 cells.
abnormalities in this process result in congenital heart diseases, the Because IGFBPs have been characterized as molecules that bind to
most common cause of birth defects in humans’. Molecules that  and modulate the actions of IGFs, we tested whether IGFBP-4 pro-
mediate cardiogenesis are of particular interest because of their  motes cardiogenesis by either enhancing or inhibiting the actions of
potential use for cardiac regeneration®’, Previous studies have shown  IGFs. We first treated P19CL6 cells with a combination of anti-IGF-1
that soluble growth factors such as bone morphogenetic proteins  and IGF-TI-neutralizing antibodies or a neutralizing antibody against
(BMPs), fibroblast growth factors (FGFs), Wnts and Wnt inhibitors  type-1 IGF receptor. If IGFBP-4 induces cardiomyocyte differenti-
mediate the tissue interactions that are crucial for cardiomyocyte  ation by inhibiting IGF signalling, treatment with these antibodies
specification**, We proposed that there might be additional soluble  should induce cardiomyocyte differentiation and/or enhance the

factors that modulate cardiac develop and/or cardiomyocyte  cardiogenic effects of IGFBP-4. In contrast, if IGFBP-4 promotes
differentiation. cardiogenesis by enhancing IGF signalling, treatment with these anti-
P19CL6 cells differentiate into cardiomyocytes with high efficiency  bodies should IGFBP-4-mediated cardiogenesis. However,

in the presence of 19% dimethylsulphoxide (DMSO)". We cultured  treatment with these antibodies did not affect the efficiency of
P19CL6 cells with culture media conditioned by various cell typesin  IGFBP-4-induced cardiomyocyte differentiation (Fig. 1d and data
the absence of DMSO, and screened the cardiogenic activity of the  not shown). Treatment of P19CL6 cells with IGF-I and IGF-II also
conditioned media. The extent of cardiomyocyte differentiation was  did not induce cardiomyocyte differentiation (data not shown).
assessed by the immunostaining with MF20 monoclonal antibody ~ Furthermore, treatment with an IGFBP-4 mutant (IGFBP-4-H74P;
that recognizes sarcomeric myosin heavy chain (MHC). Among the  His74 replaced by Pro)" that is unable to bind 1GFs induced cardi-
several cell types tested, culture media conditioned by a murine stro-  omyocyte differentiation of P19CLS cells even more efficiently than
mal cell line OP9 induced cardiomyocyte differentiation of PI9CL6  wild-type IGFBP-4 (Fig. le). This is presumably due to the sequest-
cells without DMSO treatment (Fig. la, left and middle panels). ration of wild-type IGFBP-4 but not mutant IGFBP-4-H74P by
Increased MF20-positive area was accompanied by the induction  endogenous IGFs. In agreement with this idea, exogenous IGFs atte-
of cardiac marker genes such as ¥MHC, Nkx2.5 and GATA-4, and  nuated wild-type IGFBP-4-induced but not IGFBP-4-H74P-induced
by the increased protein levels of cardiac troponin T (¢TnT) (Fig. la,  cardiogenesis (Fig. 1f). Taken together, these observations indicate

'Department of Cardiovascular Schence and Medicine, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan ICORP Organ Regeneration Project. Japan Science and

Technology Agency (IST), Tokyo 153-8902, Japan. Minstitute of Stem Cell Biology and Reg ive Medicine, Stanford University School of Medicine, Stanford, California 94305,
USA. *Dep of Reps N 1 for Child Health and Development, Tokyo 157-8535, lapan. *Departmant ol Biochemistry, Graduate School of
Blomedical Sciences. Hiroshima University, Hiroshima 734-8551, lapan. *Department of Life Sciences (Biology). Graduate School of Arts and Science. The University of Tokyo, Tokyo

153-8902, lapan. "National Institute of Advanced Industrial Sciences and Technology (AIST), Ibaraki 305-8562, Japan.
*These authors contributed equally to this work.
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Figure 1| IGFBP-4 p t di te diff in an IGF-
manner. a, G.llturr medln cmdnuumd by OP9 cells but not by
COS7 cells induced cardiomyocyte differentiation of P19CL6 cells as

assessed by MF20-positive area, cardiac marker-gene expression and ¢TnT
protein expression. Scale bar, 100 jum. Error bars show s.d. b, Treatment with
IGFBP-4 (1 pgml ") induced yocyte diff of P19CL6 cells
in the absence of DMSO, Error bars show s.d. ¢, Treatment wl:h '
nenlﬂlbmg antibody against IGFBP-4 (anti-BP4; 40 pgml ') umm:u-d

diomyocyte differentiation of P19CL6 cells indy ‘byOP‘) diti
medn. Error bars show s.d. d, T \mh
against IGF- lmd IGF II (lnn lGFn Spgml™" each) had no effect on
IGFBP-4-i ed car ¥ iation of P19CL6 cells. Error bars
show s.d. e, Mutmt IGFBP-4 (BP&(HN?]] 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 P19CL6 cells.
Error bars show s.d.
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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 IGFBP-4 might
maodulate 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/B-catenin signalling is transduced by the
cell-surface receptor complex consisting of Frizzled 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

NATURE| Vol 45417 July 2008

formation. However, Xwnt8-induced or LRP6-induced secondary
axis formation was effidently blocked by coexpression of XIGFBP-4
(Fig. 2b, ¢), indicating that IGFBP-4 inhibits canonical Wnt sig-
nalling in vive. To explore the mechanisms of Wnt inhibition by
IGFBP4, 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
p-catenin-induced TOPFLASH activity (Supplementary Fig. 1d,
¢). 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
IGFBP4 interacted with LRP6N (hg 2d) and Frz8CRD (Fig. 2e).
A liquid-phase binding assay with '“I-labelled IGFBP-4 and con-
ditioned media containing LRP6N-Myc or FrzBCRD-Myc
demonstrated that the interaction between IGFBP-4 and LRP6N
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, inset) and a single binding site
for Fz8CRD (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 embryos*™®'!, 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 early and the late phases of differenti-
ation, respectively. Expression of Igfbp2 was not altered, and that of
Igfbp1 or Igfbpé 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 Igfbp5 did not inhibit
DMS0-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
P19CLS cells into cardiomyocytes by the inhibition of the ¢ ical
Wnt pathway, we expressed dominant-negative LRP6 (LRP6N) in
P19CLS cells. Expression of LRP6N enhanced cardiomyocyte differ-
entiation of P19CL6 cells and reversed the inhibitory effect of Igfbp4

©2008 Macmillan Publishers Limited. All rights reserved
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knockdown on cardiomyogenesis (Fig. 3¢). These observations sug-
gest that endogenous IGFBP-4 is required for cardiomyocyte differ-
entiation of P19CLS 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 in situ
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 mutam (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 (Suppl ry
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/ fi-catenin pathway. The temporal profile of cardiac defects
induced by XIGFBP-4 knockdown was also examined by in situ
hybridization with cardiac troponin [ (cTnl) (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
¢Tnl 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/[-catenin signalling through direct with LRP6N (d) and Frz8CRD (e). 1B, immunoblotting; 1P,
interactions with Wint receptors. a, IGFBP-4 attenuated f-catenin- imm ipitation. f, A binding assay between '“I-labelled IGFBP-4 and

dependent transcription in P19CL6 cells. P19CLS cells were transfected with
TOPFLASH reporter gene and expression vectors for LRPS 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 (n = 20 for each
group). ¢, IGFBP-4 inhibited LRP6-induced secondary-axis formation in
Xenopus embryos (n = 30 for each group). d, &, IGFBP-4 interacted directly

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 LRP6N (h) or Frz8CRD (). '*I-
labelled Wnt3A binding to LRPEN or Frz8CRD was assessed in the presence
of increasing amounts of IGFBP-4.
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promotes cardiogenesis by maintaining the proliferation and/or sur-
vival of embryonic cardiomyocytes.

It has been shown that canonical Wit signals inhibit cardiogenesis
in chick and frog embryos, and that Wnt antagonists such as Dkkl
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 to maintain embryonic circulation. It has been
shown that Wnt/f-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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time-dependent effects of Wnt/[-catenin signalling on cardiogenesis
has been shown in zebrafish embryos''. Moreover, several recent
reports suggest that Wnt/f-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
Wit 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 38 Stage 38 Stmd?

Stage 34

Stage 34

Figure 4 | IGFBP-4 |s required for the 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 morpholinos (MO 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-4, mutant XIGFBP-4-H74P (BP4(H74P) and
LRP6SN (i = 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 severely
perturbed at stages 38 and 42. The right column shows sections of control
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 that there exist reciprocal paracrine signals
between the heart and the liver that coordinately promote the
development of each other,

IGFBPs are composed of six members, IGFBP-1 to IGFBP-6.
Reporter gene assays and [i-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
Whnit 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 Frz8CRD
(Supplementary Fig. 5d, ¢). 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 IGFBP-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 vivo. 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. P19CLS cells and ES cells were cultured and induced to differentiate
into cardiomyocytes essentially as described™*, P19CL6 cells (2,000 cells per 35-
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METHODS

Plasmids and reagents. cDNA dones encoding mouse IGFBPs 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
by X. Qin)* were produced and purified with HisTrap HP Kit (Amersham). Full-
length Frz8, Fre8CRD and LRP6N were provided by X, He'™™, Full-length LRP6,
membrane-bound forms of LRPS deletion mutants, and Dkk] were from C.
Niehrs™, pXwnt and pCSKA-Xwnt8 were from |, Christian™. pCS2-P-catenin
was from D. Kimelman™. aMHC-GFP was from B. Fleischmann®, BRE-luc was
from P. ten Dijke™. pCGN-DvI-1 was described previously™, Soluble forms of
LRP6 deleti and probes for in situ hybridizati lysis (Nkax2.5, cTnl
and Hex) were generated by PCR. IGFBP-4, Wnt3A, IGF-1, IGF-11 and BMP2
were from R&D, Neutralizing antibodies were from R&D (anti-IGFBP-4), Sigma
(anti-1GF-T and anti-IGF-1T), md Oncngme (mll-trpc-l IGF mptarj Thnnu-

namure

beads. For a competitive bindi ditioned media
LRP&N-Myc or Fre8CRD-Myc were mn‘.ed wnh 5] Labelled Wnt3A and unla-
belled IGFBP-4, and incubated overnight at 4 “C. LRP6N-Myc or Fre8 CRD-
Myc was then immunoprecipitated and the radioactivity of bound Wnt3A was
measured.
Xenopus experiments and mouse in situ hybridization analysis. Axis duplica-
tion assays, animal cap assays and in situ hybridization analyses in Xenopus were
pu'ﬂ:rmd mmlhﬂy a3 described™. Two independent cDNAs for XIGFBP-4,
g from d loid were identified by §'
n;w.l amplification ‘of cDNA ends [Wﬂnmlw Fig. 4a). Two different
MOs targeting both of these two IGFBP4 transcripts were designed (Gene
Tools) (Supplementary Fig. 4a and Supplementary Table 2). MO-sensitive
XIGFBP-4 cDNA induding a 41-base-pair 5-untranslated region (UTR) was
generated by PCR. MO-resistant XIGFBP-4 c¢cDNA (wild-type and H74P
mutant) was generated by introducing five silent mutations in the MO1 target

bodies used for i
were from Invitrogen (arm Myr.. anti-V5), Santa C.ruxtmn-c'l‘nT anti-IGFBP-
4, anti-topoisomerase 1 (TOPO-1)), Sigma (anti-P-actin, anti-B-catenin, anti-

q and excluding the 5°-UTR (Suppl y Fig 4a). Tod the
lp«:iﬁc'xy of MOs, MO-sensitive or MO-resistant XIGFBP-4-myc mRNA was
m;nr.:ed into Xenopus embryos with or without MOs, and protein/mRNA

FLAG (M2)) and Develop I Studies Hybrid Bank (anti ic
myosin heavy chain (MF20)).
Cell culture experiments. P19CL5 cells and ES cells were cultured and induced
to differentiate into cardi ially as described™", P19CL6 cells
(2,000 cells per 35-mm dish) were treated with various conditioned media for
. g of their cardiogenic activities. PI9CL6 cells or ES cells stably trans-
fected with aMHC promoter driven-GFP were generated by transfection of
AMHC-GFP plasmid into P19CLS cells or b7 ES cells followed by Gﬂa selec-
tion, Luciferase P gene assays, blot ", (! and
RT-PCR were performed as described™. Reporter gene assays were upuml at
least three times. PCR primers and PCR conditions are listed in Supplementary
Table 1. For siRNA-mediated knockdown, siRNAs were exp | with pSTREN-
RetroQ vector (Clontech). Oligonucleotide sequences used are listed in
Supplcmcmuy Table 2. ps]'REN -RetroQ vectors ligated with double-stranded
leotides were fected into P19CLE cells or ES cells, and puromycin-
resistant clones were isolated and expanded. For i-catenin stabilization assays,
nuclear extracts of L cells were prepared 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 blot analyses containing full-length or various deletion mutants of [GFBPs,
LRP&. Frz8CRD and Dkkl were produced with 293 cclls. Bm!mgrmmmam
d ight at 4 °C. 1 i d with Protein
G-$ P 4 Fast Flow (Amersham), 231 InbdlmgoﬂGFBP-d and Wnt3A was
pen’nnned with 10DO-BEADS Todination Reagent (Pierce). A liquid-phase
binding assay was performed essentially as described”. In brief, conditioned
media containing LRP6N-Myc or FrzBCRD-Myc were mixed with various con-
centrations of '**I-labelled IGFBP-4 and incubated ovemnight at 4 °C. LRPEN-
Myc or Frr8CRD-Myc was i precipitated and the radioactivity of bound
1GFBP-4 was | after i hing of the Protein G-Sepharose

was analysed. PCR p and PCR conditions are listed in
SuppkmmurrTuHr 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 (5 ng in 5nl of solution) into the vicinity of
heart anlage and application of electric pulses were performed at stage 28.
Whole-mount s sitw hybridizati lysis of murine IGFBP-4 was performed
as described™.
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