
Biochemical and Biophysical Research Communications 456 (2015) 827–833
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Tissue factor pathway inhibitor-2 is critical in zebrafish cardiogenesis
http://dx.doi.org/10.1016/j.bbrc.2014.12.017
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: Box 238, 130 Dongan Rd, Shanghai 200032, China.
Fax: +86 21 54237632.

E-mail address: duanma@shmu.edu.cn (D. Ma).
Yanli Zhang a,b, Huijun Wang c, Danping Wen a, Jin Zhang a, Fengyun Zheng a, Nan Jiang a, Duan Ma a,c,⇑
a Key Laboratory of Molecular Medicine, Ministry of Education, Department of Biochemistry and Molecular Biology, Institutes of Medical Sciences, Shanghai Medical College,
Fudan University, Shanghai 200032, China
b State Key Laboratory of Oncogenes and Related Genes, Shanghai Cancer Institute, Renji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200032, China
c Children’s Hospital, Fudan University, Shanghai 200032, China
a r t i c l e i n f o

Article history:
Received 29 November 2014
Available online 11 December 2014

Keywords:
Tfpi-2
Cardiac development
Notch pathway
Zebrafish
a b s t r a c t

Human tissue factor pathway inhibitor-2 (Tfpi-2) is an extracellular matrix-associated Kunitz-type serine
proteinase inhibitor and plays an important role in various cellular processes. We have previously shown
that zebrafish Tfpi-2 (zTfpi-2) mainly expressed in the brain and heart of zebrafish, and it is involved in
the development of central nervous system. Here, we identified zTfpi-2 as an evolutionarily conserved
protein essential for zebrafish heart development, as embryos depleted of zTfpi-2 failed to undergo car-
diogenesis. Changes of cardiogenic markers, vmhc, amhc and bmp4, confirmed zTfpi-2 knockdown caused
cardiac defects, including retrenched ventricle, enlarged atrium and malformation of atrioventricular
boundary. The sarcomeric organization was also disrupted by embryonic depletion of zTfpi-2, thus estab-
lishing the functional role of zTfpi-2 in cardiac contractility. In addition, hematopoietic defects were
detected in the zTfpi-2-deficiency embryos. Importantly, injection of ztfpi-2 mRNA attenuated those car-
diac and hematopoietic defects. Taken together, this study demonstrated a critical role of zTfpi-2 during
embryonic cardiac development, as well as an important regulator of hematopoiesis.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Tfpi-2, also known as placenta protein-5 (PP5), is a 32-kDa ser-
ine proteinase inhibitor consisting of three Kunitz-type proteinase
inhibitor domains (KD1, KD2, KD3) homologous with tissue factor
pathway inhibitor (Tfpi). Tfpi and Tfpi-2 are secreted into the
extracellular matrix (ECM) by a wide variety of human cells and
belongs to the serine protease inhibitor superfamily [1]. Data have
showed that Tfpi plays an important role in the regulation of coag-
ulation via its inhibition of the TF-pathway [2]. Systemic homozyg-
otic deletion of Tfpi-KD1 results in intrauterine lethality,
presumably circulatory insufficiency, suggesting that Tfpi is indis-
pensable to the development and viability of mice [3].

In 1994, Miyagi et al. [4] have reported that Tfpi-2 is expressed
in several tissues, such as liver, heart, kidney, skeletal muscle, pan-
creas and placenta. In another study, expression of Sciaenops ocell-
atus Tfpi-2 was detected, in increasing order, in spleen, muscle, gill,
brain, liver, kidney, blood, and heart [5]. Our previous study also
showed that zTfpi-2 displayed an expression gradient, with high
levels of expression in the brain and heart [6]. Because Tfpi-2
inhibits several serine proteases in the ECM, it is thought that it
may play a regulated role in processes of histogenesis, embryonic
development and wound healing [7]. Recently, it is also identified
that Tfpi-2 can mediate the invasion and migration of human can-
cer cells as a new tumor suppressor gene [8], inhibit plaque disrup-
tion in atherosclerosis [9] and regulate inflammation and apoptosis
[10]. However, its physiological significance in the development of
heart remains to be explored.

In vertebrates, the heart is the first organ formed in the devel-
oping embryo. The zebrafish, Danio rerio, offers several distinct
advantages as an embryological and genetic model system [11].
Their optical clarity, external embryogenesis, and fast development
allow for analysis of gene activities during heart development [12].
In addition, zebrafish embryos are not completely dependent on a
functional cardiovascular system. Even in the total absence of
blood circulation, they receive enough oxygen by passive diffusion
to survive, thereby allowing a detailed analysis of animals with
severe cardiovascular defects [13].

The Notch pathway is a versatile regulator of cell fate specifica-
tion, growth, differentiation, and patterning processes in metazoan
organisms [14]. Notch activity affects how cells respond to intrinsic
or extrinsic developmental cues that are necessary to unfold spe-
cific developmental programs. Our previous data have indicated
that the Notch pathway is involved in zTfpi-2-mediated the central
nervous system (CNS) development [6]. Notch signaling is also crit-
ical in mammalian cardiogenesis, as mutations in this signaling
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pathway are linked to human congenital heart disease [15]. Fur-
thermore, Notch signaling can repair myocardial injury by promot-
ing myocardial regeneration, protecting ischemic myocardium,
inducing angiogenesis, and negatively regulating cardiac fibro-
blast-myofibroblast transformation [16,17].

To elucidate the biological functions of Tfpi-2 in early heart
development, anti-sense morpholino oligonucleotides (MO) were
designed and performed to specifically block the expression of
zTfpi-2 in zebrafish. Effects of both the translation-blocker, ATG-
MO, and the splice-inhibitor, SP-MO, were verified in our previous
study [6]. In this report, we found that significant heart defects
arose in zTfpi-2-deficient embryos during zebrafish embryogene-
sis. Importantly, the defects of zTfpi-2 morphants could be rescued
by coinjection of ztfpi-2 mRNA, further supporting the specificity of
the two MOs. Our results revealed that zTfpi-2 may play an impor-
tant role in the physiology and pathology of heart. Moreover, our
data also implicated that zTfpi-2 can act as a regulator of hemato-
poiesis in zebrafish, as knockdown its expression was linked to
notable hematopoietic defects.
2. Materials and methods

2.1. Zebrafish strains and maintenance

Zebrafish were maintained and bred under standard conditions
[11]. Embryos were staged according to the method reported by
Kimmel et al. [11]. To block pigment formation in the embryos,
0.003% phenylthiourea was added to the media at 18 hpf and
replenished every 24 h thereafter.
2.2. Morpholino antisense oligonucleotides and mRNA microinjections

MOs were obtained from Gene Tools, LLC (U.S.) and resus-
pended in nuclease-free water [18]. Embryos were injected at the
one-cell stage with 1 nl of MOs. For ztfpi-2, the sequence of the
splice-inhibiting MO (SP-MO) and the translation-blocking MO
(ATG-MO) were as follows: 50-GAAAATGAACGTACTTGGTATCCTG-
30 and 50-GCTCCGAGTAAATCACACGCCATTG-30, respectively. The
sequence of standard control (Scon-MO) and the five mismatch
control (Mcon-MO) for the SP-MO are listed below: 50-
CCTCTTACCTCAGTTACAATTTATA-30; 50-GAtAATcAACcTACTTGcTAT
CgTG-30.

Rescue experiment was performed as previously described [6].
All injections were performed at least three separate times.
2.3. Whole mount in situ hybridization (WISH)

Plasmids encoding zebrafish vmhc, amhc, bmp4 and gata1 were
provided by Ting Jin, and a-E1-globin was provided by Duan Juan.
Digoxigenin-labeled RNA probes were synthesized using the DIG
RNA Labeling kit (Roche). WISH was carried out as described pre-
viously [19], and staining was performed with an alkaline phos-
phatase substrate kit (Vector Laboratories).
Table 1
Primer sequences for qPCR.

Gene Forward 50 to 30

vmhc AGCTTGAGGCAGAAAGAGCTGC
amhc AAACCACTCACCCACACTTTGTG
bmp4 GCTTCGCGTCTACAGGCAACAA
scl ACGCCGCTCGCCACTATTAACAG
gata1 GTCCAGTTCGCCAAGTTTAC
a-E1-globin TGCTCTCTCCAGGATGTTG
b-Actin ATGCCCCTCGTGCTGTTTTC
2.4. Quantitative real time PCR (qPCR)

Total RNAs was extracted from 20 zebrafish embryos using the
Trizol reagent (Invitrogen). RNA was reverse-transcribed using
PrimeScript RT reagent kit (TaKaRa). The real-time quantitative
RT-PCR analyses were performed according the manufacturer’s
instructions. The data were collected using the ABI 7500 system
(Applied Biosystems) and analyzed by the sequence detection soft-
ware 3.1 (Applied Biosystems). The relative expression values were
normalized to the internal control, b-actin. The qPCR primer
sequences are listed in Table 1.

2.5. Histology and electron microscopy

To section the embryos, whole mount in situ hybridized
embryos were fixed in 4% paraformaldehyde (PFA) in PBS over-
night at 4 �C. The embryos were then washed with PBST three
times for 5 min each to remove the fixative. This procedure was
followed by a two-step embedding process: the first step involved
a 1.5% agarose in 5% sucrose solution to adjust for embryo orienta-
tion, and the other step used O.C.T. compound (Tissue-Tek, Sakura)
to allow for sectioning. For transmission electron microscopy,
embryos were fixed with 2% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer.

2.6. O-dianisidine staining

Embryos at 48 hpf were dechorionated with pronase, and
stained with 1 ml freshly prepared staining buffer (0.6 mg/ml O-
dianisidine; 0.5 ml of 0.1 M NaAc, pH 4.5; 0.65% hydrogen perox-
ide; 40% ethanol), followed by incubation in the dark for 15 min.
The reaction was stopped by adding PBST. Images were acquired
using Olympus system, and analyzed with Image-pro plus
software.

2.7. Photography

Stained embryos were examined with Olympus BX61 and
SZX12 microscopes and photographed with a DP 70 digital camera.
Images were processed using Adobe Photoshop software.

2.8. Statistical analysis

Quantitative data were expressed as mean ± SEM. Statistical
significance was determined by one-way analysis of variance fol-
lowed by the LSD post hoc test for multiple comparisons. P value
of less than 0.05 was considered statistically significant.

3. Results

3.1. Knockdown of zTfpi-2 caused abnormal development in heart

Morphologically, embryos injected with SP-MO or/and ATG-MO
looked normal until 12 hpf. At 24 hpf, zTfpi-2-deficiency embryos
Reverse 50 to 30

TA AAGGTCTCTGCGGAGCTTCTGAAA
C AGCTGGTGCATGACCAAACAGTTG

AT TTTCCCATTTGGAGGTGTTGTGCC
TGAGTCCTGGTCCTCAGTAAAG
GGGTTGTAGGGAGAGTTTAG
TCCGGCATTAAGGTCATC
GCCTCATCTCCCACATAGGA
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showed smaller head, slower vermicular motion of heart and
reduced spontaneous movement. The obvious cardiac abnormali-
ties were noted when embryos developed to 48 hpf, including
un-consumed yolk sac, heart edema, reduced heart rate (HR) and
less globin pigment. Compared to wild type (Wt) and the two
MOs control (Mcon-MO and Scon-MO), embryos injected with
Fig. 1. Cardiac defects exhibited in zTfpi-2 morphants. Lateral views. (A) Embryos inj
compared with no inject embryos at 48 hpf. (B) 0.5 mM SP-MO and 0.6 mM ATG-MO injec
Co-injected SP-MO and ATG-MO resulted in more severe cardiac defects. (C) 75 pg ztfpi-2
analyses. (E) Real-time quantitative PCR verification of marker changes when zTfpi-2 wa
MO group.
SP-MO showed severe cardiac abnormalities (Fig. 1A and B). The
HR dramatically reduced in SP-MO-injected embryos (76 ± 14/
min, n = 20) than Mcon-MO-injected embryos (138 ± 9/min,
n = 20). Embryos injected with ATG-MO showed the similar pheno-
type, and the HR was decreased (81 ± 11/min, n = 20) than Scon-
MO control (142 ± 8/min, n = 20). Additionally, the two MOs co-
ected with 1 mM Mcon-MO and Scon-MO did not show any cardiac abnormality
ted embryos displayed malformation of the heart with globin deficiencies (arrows);

mRNA successfully rescued the cardiac defects. (D) Statistics of zebrafish phenotypic
s knocked down at 48 hpf. Asterisks indicate a significant difference from the Mcon-



Fig. 2. WISH analysis of ventricle, atrium and atrioventricular boundary markers. Lateral views of zTfpi-2 morphant embryos indicated lower levels of vmhc (A) and higher
levels of amhc (B). (C) Lateroventral views showed disorganization of bmp4 in the cardiac region of zTfpi-2-deficient embryos at 48 hpf. While ztfpi-2 mRNA could partially
recover those defects.
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injected resulted in synergism and more severe phenotypes with
sharply decreased HR (63 ± 14/min, n = 20; Fig. 1B). Furthermore,
morphological phenotypes were found to be restored in a large
fraction by concomitant injection of ztfpi-2 mRNA with substan-
tially increased HR (103 ± 13/min, n = 20; Fig. 1C). While ztfpi-2
mRNA is free of SP-MO target sequence, and the rescued morphol-
ogy is more obvious, verifying the specificity of SP-MO in causing
developmental deformity. Gross morphological phenotypes espe-
cially cardiac abnormalities were analyzed and statistic results
were shown in Fig. 1D.

To further investigate the molecular basis for the cardiac abnor-
malities in zTfpi-2 inhibition embryos, we performed real-time
PCR analysis of the gene expression profiles of heart from zTfpi-2
knockdown embryos at 48 hpf. From this analysis, expression
alterations of cardiogenic markers were detected, vmhc for ventri-
cle [20], amhc for atrium [21] and bmp4 for atrioventricular junc-
tion [22]. In particular, the mRNA level of vmhc was obviously
decreased while amhc and bmp4 were significantly increased com-
pared with the Mcon-MO group (Fig. 1E). Then, we examined the
expression of the region-specific marker genes by in situ hybridiza-
tion. WISH showed that zTfpi-2-defective embryos displayed
atrophic ventricle with lower levels of vmhc (75%, n = 35;
Fig. 2A), dilated atrial with overexpression of amhc (79%, n = 32;
Fig. 2B), alongside malformation of atrioventricular junction with
aberrance distribution of bmp4 in the heart (81%, n = 30; Fig. 2C);
whereas the rescued embryos recovered to some extents.

3.2. Effects of zTfpi-2 knockdown on sarcomeric organization

The functional defects especially the decreased HR in zTfpi-2
morphants suggested that the cardiac contractile apparatus is
abnormal. To further confirm that zTfpi-2 plays an essential role
in cardiac contractility, we set out to use transmission electron
microscopy to explore the role of zTfpi-2 in sarcomere assembly.
Transverse sections of zebrafish embryonic ventricle cells at
72 hpf are shown in Fig. 3A. At this stage, the control heart exhib-
ited nascent sarcomeres containing both thick and thin filaments,
and the nascent myofibrils assemble into higher order sarcomere
structures (Fig. 3B). By contrast, SP-MO-injected embryos appeared
the myofibrillar disorganization in the cardiac muscle (Fig. 3C).
Detailed ultrastructural analysis of zebrafish cardiomyocytes
revealed that the z-disc and other structures were irregular in
zTfpi-2 inhibition embryos compared to controls. SP-MO and
ztfpi-2 mRNA co-injected embryos showed recovered myofibrils



Fig. 3. zTfpi-2 was essential for sarcomeric organization. (A) Diagram showing the plane of section (top) and transverse sections of zebrafish embryo (bottom) at 72 hpf. M,
myelencephalon; N, notochord; A, atrium; V, ventricle. (B) Transmission electron microscopy of control embryos, nascent myofibrils assembled into higher-order sarcomere
structures (asterisks). Arrows pointing to the Z-disc of sarcomere. (C) zTfpi-2-defective embryos displayed less myofibrils and myofibrillar disorganization in the cardiac
muscle. (D) SP-MO and ztfpi-2 mRNA co-injected embryos showed recovered myofibrils and less disrupted sarcomeric structures. Scale bar, 1 lm.
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(Fig. 3D), which indicated zTfpi-2 is involved in assembly of the
cardiac contractile apparatus.
3.3. Hematopoietic development was impaired in zTfpi-2-deficient
embryos

Recent findings highlight that hematopoietic cells express
Notch receptors and their ligands, and Notch signaling affects the
survival, proliferation, and fate choices of precursors at various
stages of hematopoietic development [23]. Previously, Notch path-
way was shown to be essential for Tfpi-2-mediated zebrafish CNS
development, implying that knockdown of Tfpi-2 may impair
hematopoietic process in zebrafish. At gross level, a notable
decrease of red blood cells was appeared in the zTfpi-2-deficiency
embryos (Fig. 1B). To address the effects of zTfpi-2 on hematopoi-
esis, we examined the expression of blood cell markers. QPCR
showed that the expression of hemangioblast marker scl, primitive
erythroid marker gata1 [24], and mature erythrocyte marker a-E1-
globin [25] were obviously decreased (Fig. 1E). To characterize the
hematopoietic defects, the hemoglobin O-dianisidine staining of
blood cells at 48 hpf embryos was used to assess their status.
Marked suppression of hemoglobin production was observed in
the precordium of zTfpi-2 morphants in comparison with strong
hemoglobin staining in control embryos at 48 hpf (Fig. 4A), and
the circulating blood flow seemed to be changed. WISH also
showed that levels of a-E1-globin (88%, n = 35; Fig. 4B) and gata1
(75%, n = 36; Fig. 4C) were significantly decreased in their specific
region of zTfpi-2-defective embryos injected with the SP-MO at
24 hpf. However, ztfpi-2 mRNA rescue with less deformity con-
firmed that the hematopoietic abnormalities were the result of
specific inhibition of zTfpi-2 function, indicating that zTfpi-2 is
required for the hematopoietic development.
4. Discussion

The expression pattern of ztfpi-2 suggested that it probably
played an important role in the development of the zebrafish heart.
Consistent with this, we have presented evidence from microarray
analysis that marker genes required for the development and func-
tion of the heart, such as gata5, gata6 and nkx2.5, altered greater
than 2-fold after zTfpi-2 knockdown [6,26,27]. Our previous stud-
ies have revealed that early in embryogenesis Tfpi-2 is essential for
zebrafish brain development, as its knockdown is linked to severe
CNS defects. We have also found that Notch signaling pathway is
involved in the function of zTfpi-2. Studies have shown that Notch
signaling is an evolutionarily ancient, highly conserved pathway
important for deciding cell fate, cellular development, differentia-
tion, proliferation, apoptosis, adhesion, and epithelial-to-mesen-
chymal transition [14]. Signals exchanged between neighboring
cells through the Notch receptor can amplify and consolidate
molecular differences, which eventually dictate cell fates. In the
vertebrate cardiovascular system, multiple Notch family receptors
and several of their Jagged and Delta-like ligands are expressed
during critical stages of embryonic and postnatal development
[17]. Recent findings have demonstrated a critical role of Notch
in zebrafish cardiac regeneration [28]. In addition, Notch signaling
also regulates cardiomyocyte proliferation and early heart valve
development [29].

Accumulating evidence indicates that Notch may protect the
heart from an excessive and detrimental hypertrophic response
and increase cardiomyocyte survival [30]. Notch inhibition leads
to increased cardiomyocyte apoptosis, and exacerbates the devel-
opment of cardiac hypertrophy and fibrosis [31]. Here, our results
demonstrated that zTfpi-2 knockdown lead to retrenched ventri-
cle, enlarged atrium and abnormal cardiac valve, therefore, will
eventually induce heart failure. Compared to well-arranged myofi-
brils in the cardiomyocytes of Wt embryos, zTfpi-2 inhibition pro-
duced sarcomere assembly defects. The failure to generate normal
sarcomeres possibly underlied the inability of the zTfpi-2 inhibited
heart to generate significant systolic force. The disorganization of
sarcomeres could be due to a specific function of zTfpi-2 in regulat-
ing the expression of a subset of sarcomeric genes, or other specific
alterations in gene expression that secondarily leading to sarco-
meric disorganization. Our existing data supported the latter
hypothesis that members of Notch pathway probably participated



Fig. 4. zTfpi-2 deficiency impaired hematopoiesis in zebrafish. (A) Knockdown of zTfpi-2 led to decreased hemoglobin staining by O-dianisidine at 48 hpf. WISH showed, at
25 hpf, zTfpi-2 inhibition embryos had a lower expression of a-E1-globin (B) and gata1 (C) than controls. These changes could be restored by co-injection of SP-MO with ztfpi-2
mRNA.

832 Y. Zhang et al. / Biochemical and Biophysical Research Communications 456 (2015) 827–833
in zTfpi-2-mediated cardiomyogenesis. The challenge for future
studies will be to better understand the mechanisms of Notch
pathway regulation by Tfpi-2, as well as its relevance to cardiovas-
cular disorders.

Functional studies in mice, fish, tumor models, and cell culture
systems have shown that the angiogenic growth of the blood vessel
network, the proliferation of endothelial cells, and the differentia-
tion of arteries and veins are controlled by Notch signaling [17,32].
We also examined the expression of marker genes involved in the
development of blood vessels to determine whether the zTfpi-2
knockdown lead to the formation of abnormal blood vessels. Con-
sistent with the recent findings, the angiogenesis related markers
(flk-1, tie1 and tie2) were found to be dramatically altered in the
blood vessels of zTfpi-2-deficient embryos (data not shown). These
data implied that Tfpi-2 also affected blood vessel organization in
zebrafish embryos, probably through Notch pathway.

The expression of hemangioblast marker scl, primitive erythroid
marker gata1 and mature erythrocyte marker a-E1-globin were sig-
nificantly reduced in zTfpi-2 morphants, indicating that the defi-
ciency of zTfpi-2 caused abnormal proliferation of hemangioblast
and differentiation of erythroid progenitors. There is accumulating
evidence that Notch pathway plays an instructive role in the devel-
opment and maintenance of the hematopoietic system. In hemato-
poietic stem cells, Notch signaling has the propensity to expand
the stem cells, promote their self-renewal, and influence their sur-
vival [33]. These data are consistent with our findings that down-
regulation of zTfpi-2 might prevent hematopoiesis.

Taken together, our results underscored the use of zebrafish as a
model for investigating essential roles of Tfpi-2 in the process of
cardiogenesis in particular and the biology of hematopoiesis in
general. Advances in these fields will undoubtedly aid in the imple-
mentation of strategies for cardiovascular and hematopoietic
disease.

Acknowledgments

This work was supported by the Program of Shanghai Subject
Chief Scientist (12XD1400600), Science and Technology Commis-
sion of Shanghai Municipality (14DJ1400103 and 12XD1400600)
and Shanghai Municipality Commission of Health and Family Plan-
ning (2013ZYJB0015).

References

[1] C.N. Rao, P. Reddy, Y. Liu, E. O’Toole, D. Reeder, D.C. Foster, W. Kisiel, D.T.
Woodley, Extracellular matrix-associated serine protease inhibitors (Mr
33,000, 31,000, and 27,000) are single-gene products with differential
glycosylation: cDNA cloning of the 33-kDa inhibitor reveals its identity to
tissue factor pathway inhibitor-2, Arch. Biochem. Biophys. 335 (1996) 82–92.

[2] S. Pan, L.S. Kleppe, T.A. Witt, C.S. Mueske, R.D. Simari, The effect of vascular
smooth muscle cell-targeted expression of tissue factor pathway inhibitor in a
murine model of arterial thrombosis, Thromb. Haemost. 92 (2004) 495–502.

http://refhub.elsevier.com/S0006-291X(14)02182-2/h0005
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0005
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0005
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0005
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0005
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0010
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0010
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0010


Y. Zhang et al. / Biochemical and Biophysical Research Communications 456 (2015) 827–833 833
[3] Z.F. Huang, D. Higuchi, N. Lasky, G.J. Broze Jr., Tissue factor pathway inhibitor
gene disruption produces intrauterine lethality in mice, Blood 90 (1997) 944–
951.

[4] Y. Miyagi, N. Koshikawa, H. Yasumitsu, E. Miyagi, F. Hirahara, I. Aoki, K. Misugi,
M. Umeda, K. Miyazaki, CDNA cloning and mRNA expression of a serine
proteinase inhibitor secreted by cancer cells: identification as placental
protein 5 and tissue factor pathway inhibitor-2, J. Biochem. 116 (1994) 939–
942.

[5] M. Zhang, Z.Z. Xiao, L. Sun, Identification and analysis of the tissue factor
pathway inhibitor 2 of Sciaenops ocellatus, Fish Shellfish Immunol. 30 (2011)
209–214.

[6] Y. Zhang, L. Wang, W. Zhou, H. Wang, J. Zhang, S. Deng, W. Li, H. Li, Z. Mao, D.
Ma, Tissue factor pathway inhibitor-2: a novel gene involved in zebrafish
central nervous system development, Dev. Biol. 381 (2013) 38–49.

[7] R. Butzow, M.L. Huhtala, H. Bohn, I. Virtanen, M. Seppala, Purification and
characterization of placental protein 5, Biochem. Biophys. Res. Commun. 150
(1988) 483–490.

[8] C. Xu, F. Deng, Z. Mao, J. Zhang, H. Wang, J. Wang, J. Mu, S. Deng, D. Ma, The
interaction of the second Kunitz-type domain (KD2) of TFPI-2 with a novel
interaction partner, prosaposin, mediates the inhibition of the invasion and
migration of human fibrosarcoma cells, Biochem. J. (2011).

[9] M.P. Herman, G.K. Sukhova, W. Kisiel, D. Foster, M.R. Kehry, P. Libby, U.
Schonbeck, Tissue factor pathway inhibitor-2 is a novel inhibitor of matrix
metalloproteinases with implications for atherosclerosis, J. Clin. Invest. 107
(2001) 1117–1126.

[10] E.I. Peerschke, R.J. Petrovan, B. Ghebrehiwet, W. Ruf, Tissue factor pathway
inhibitor-2 (TFPI-2) recognizes the complement and kininogen binding protein
gC1qR/p33 (gC1qR): implications for vascular inflammation, Thromb.
Haemost. 92 (2004) 811–819.

[11] C.B. Kimmel, W.W. Ballard, S.R. Kimmel, B. Ullmann, T.F. Schilling, Stages of
embryonic development of the zebrafish, Dev. Dyn. 203 (1995) 253–310.

[12] K. Woo, J. Shih, S.E. Fraser, Fate maps of the zebrafish embryo, Curr. Opin.
Genet. Dev. 5 (1995) 439–443.

[13] C. Thisse, L.I. Zon, Organogenesis – heart and blood formation from the
zebrafish point of view, Science 295 (2002) 457–462.

[14] S. Artavanis-Tsakonas, M.D. Rand, R.J. Lake, Notch signaling: cell fate control
and signal integration in development, Science 284 (1999) 770–776.

[15] C. Misra, V. Garg, Compacting the heart with Notch, Nat. Med. 19 (2013) 133–
134.

[16] K. Niessen, A. Karsan, Notch signaling in the developing cardiovascular system,
Am. J. Physiol. Cell Physiol. 293 (2007) C1–C11.

[17] G. Aquila, M. Pannella, M.B. Morelli, C. Caliceti, C. Fortini, P. Rizzo, R. Ferrari,
The role of Notch pathway in cardiovascular diseases, Global Cardiol. Sci. Pract.
2013 (2013) 364–371.
[18] J.S. Eisen, J.C. Smith, Controlling morpholino experiments: don’t stop making
antisense, Development 135 (2008) 1735–1743.

[19] C.M. Bennett, J.P. Kanki, J. Rhodes, T.X. Liu, B.H. Paw, M.W. Kieran, D.M.
Langenau, A. Delahaye-Brown, L.I. Zon, M.D. Fleming, A.T. Look, Myelopoiesis
in the zebrafish, Danio rerio, Blood 98 (2001) 643–651.

[20] K.L. Targoff, S. Colombo, V. George, T. Schell, S.H. Kim, L. Solnica-Krezel, D.
Yelon, Nkx genes are essential for maintenance of ventricular identity,
Development 140 (2013) 4203–4213.

[21] R. Zhang, X. Xu, Transient and transgenic analysis of the zebrafish ventricular
myosin heavy chain (vmhc) promoter: an inhibitory mechanism of ventricle-
specific gene expression, Dev. Dyn. 238 (2009) 1564–1573.

[22] J. Liu, D.Y. Stainier, Tbx5 and Bmp signaling are essential for proepicardium
specification in zebrafish, Circ. Res. 106 (2010) 1818–1828.

[23] K. Ohishi, N. Katayama, H. Shiku, B. Varnum-Finney, I.D. Bernstein, Notch
signalling in hematopoiesis, Semin. Cell Dev. Biol. 14 (2003) 143–150.

[24] J. Duan, Q. Ba, Z. Wang, M. Hao, X. Li, P. Hu, D. Zhang, R. Zhang, H. Wang,
Knockdown of ribosomal protein S7 causes developmental abnormalities via
p53 dependent and independent pathways in zebrafish, Int. J. Biochem. Cell
Biol. 43 (2011) 1218–1227.

[25] R. Yue, J. Kang, C. Zhao, W. Hu, Y. Tang, X. Liu, G. Pei, Beta-arrestin1 regulates
zebrafish hematopoiesis through binding to YY1 and relieving polycomb group
repression, Cell 139 (2009) 535–546.

[26] J.F. Reiter, J. Alexander, A. Rodaway, D. Yelon, R. Patient, N. Holder, D.Y.
Stainier, Gata5 is required for the development of the heart and endoderm in
zebrafish, Genes Dev. 13 (1999) 2983–2995.

[27] K. Kodo, T. Nishizawa, M. Furutani, S. Arai, E. Yamamura, K. Joo, T. Takahashi, R.
Matsuoka, H. Yamagishi, GATA6 mutations cause human cardiac outflow tract
defects by disrupting semaphorin–plexin signaling, Proc. Natl. Acad. Sci. U.S.A.
106 (2009) 13933–13938.

[28] L. Zhao, A.L. Borikova, R. Ben-Yair, B. Guner-Ataman, C.A. MacRae, R.T. Lee, C.G.
Burns, C.E. Burns, Notch signaling regulates cardiomyocyte proliferation
during zebrafish heart regeneration, Proc. Natl. Acad. Sci. U.S.A. 111 (2014)
1403–1408.

[29] Y. Wang, B. Wu, A.A. Chamberlain, W. Lui, P. Koirala, K. Susztak, D. Klein, V.
Taylor, B. Zhou, Endocardial to myocardial notch-wnt-bmp axis regulates early
heart valve development, PLoS One 8 (2013) e60244.

[30] M. Nemir, T. Pedrazzini, Functional role of Notch signaling in the developing
and postnatal heart, J. Mol. Cell. Cardiol. 45 (2008) 495–504.

[31] M. Nemir, M. Metrich, I. Plaisance, M. Lepore, S. Cruchet, C. Berthonneche, A.
Sarre, F. Radtke, T. Pedrazzini, The Notch pathway controls fibrotic and
regenerative repair in the adult heart, Eur. Heart J. 35 (2014) 2174–2185.

[32] C. Roca, R.H. Adams, Regulation of vascular morphogenesis by Notch signaling,
Genes Dev. 21 (2007) 2511–2524.

[33] D. Allman, J.C. Aster, W.S. Pear, Notch signaling in hematopoiesis and early
lymphocyte development, Immunol. Rev. 187 (2002) 75–86.

http://refhub.elsevier.com/S0006-291X(14)02182-2/h0015
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0015
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0015
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0020
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0020
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0020
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0020
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0020
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0025
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0025
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0025
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0030
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0030
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0030
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0035
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0035
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0035
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0040
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0040
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0040
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0040
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0045
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0045
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0045
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0045
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0050
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0050
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0050
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0050
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0055
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0055
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0060
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0060
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0065
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0065
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0070
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0070
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0075
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0075
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0080
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0080
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0085
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0085
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0085
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0090
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0090
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0095
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0095
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0095
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0100
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0100
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0100
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0105
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0105
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0105
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0110
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0110
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0115
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0115
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0120
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0120
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0120
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0120
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0125
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0125
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0125
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0130
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0130
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0130
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0135
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0135
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0135
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0135
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0140
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0140
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0140
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0140
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0145
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0145
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0145
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0150
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0150
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0155
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0155
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0155
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0160
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0160
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0165
http://refhub.elsevier.com/S0006-291X(14)02182-2/h0165

	Tissue factor pathway inhibitor-2 is critical in zebrafish cardiogenesis
	1 Introduction
	2 Materials and methods
	2.1 Zebrafish strains and maintenance
	2.2 Morpholino antisense oligonucleotides and mRNA microinjections
	2.3 Whole mount in situ hybridization (WISH)
	2.4 Quantitative real time PCR (qPCR)
	2.5 Histology and electron microscopy
	2.6 O-dianisidine staining
	2.7 Photography
	2.8 Statistical analysis

	3 Results
	3.1 Knockdown of zTfpi-2 caused abnormal development in heart
	3.2 Effects of zTfpi-2 knockdown on sarcomeric organization
	3.3 Hematopoietic development was impaired in zTfpi-2-deficient embryos

	4 Discussion
	Acknowledgments
	References


