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Abstract of thesis entitled: 

Role of urotensin II during zebrafish {Danio rerio) embryogenesis 

Submitted by LI Jun 

for the degree of Doctor of Philosophy 

at The Chinese University of Hong Kong in Jan 2010 

Urotensin II (UII) is the most potent vasoconstrictor identified so far. This 

cyclic peptide stimulates its G protein-coupled receptor (GPR) to modulate 

cardiovascular system function in humans and in other animal species. 

In the present study using zebrafish as the model organism, we have 

investigated the function of Ull/UII-receptor (UIIR) signaling pathway during early 

embryogenesis. Herein we presented five lines of evidence supporting the hypothesis 

that UII/ UIIR signaling pathway is required for normal determination of asymmetric 

axis during early embryogenesis. First, fiinction-loss of UII results in a concordant 

randomization of viscus asymmetries in embryos, including abnormalities in cardiac 

looping and positioning of visceral organs. Second, knockdown of UII randomizes the 

left-sided expression of asymmetrical genes including lefty2’ spaw and pitx2c in the 

lateral plate mesoderm (LPM) and bmp4 in the developing heart domain and the LPM. 

Third, reduced UII levels interfere with the normal organogenesis of Kupffer's vesicle 

(KV), an organ implicated in the early steps of left-right (L-R) patterning of embryos. 

Fourth, repression of UII function perturbs the asymmetrical distribution of free Câ "̂  

(intracellular Câ "̂ ) at the region surrounding embryo KV during early somitogenesis, 

which is one of the signaling mechanisms that propagandize and amplify the early 

clue of left-right (L-R) asymmetry. Fifth, depressing UII levels alters the normal 

pattern of Bmp and Nodal signaling, which modulate the establishment of L-R axis of 

developmental embryo. Collectively, these observations support a model in which 



UII/UIIR signal system takes part in the early molecular events of L-R asymmetry 

patterning of embryo by modulating Bmp and Nodal signaling, regulating KV normal 

morphogenesis, so then, maintaining the asymmetrical distribution of free 

intracellular Ca^^ at the peripheral region surrounding embryo KV. This study 

documents a role of UII/UIIR signaling pathway in the establishment of L-R axis of 

embryos which promises to reveal the molecular mechanisms responsible for human 

congenital diseases with heterotaxy. 



摘要 

尾加压素n (UII)是一种环形狀。它是目前已鉴定出能引起血管收缩效应 

最强的激素。它通过激活自身的G蛋白偶联受体(GPR)以调节人体和其他动 

物种的心血管功能。本硏究使用斑马鱼作为模式动物研究了 UII信号系统在胚胎 

发育方面的作用。 

在这里，我们提供了五层证据来支持这一结论：在胚胎发育早期UII为胚胎 

左右模式化的确立所要求。首先，UII功能抑制将随机化胚胎内脏器官的不对称 

性，其中包括心脏管弯曲异常和内脏器官定位异常。第二，UII功能下调随机 

化 侧 向 性 基 因 正 常 的 偏 左 表 达 ， 包 括 ， 和 ; 在 左 侧 板 中 胚 层 的 表 

达，以及在发育中的心脏原基区的偏左表达。第三，U I I功能下调导致 

KV这一涉及胚胎左右模式化的极早期步骤的器官发育异常。第四，UII下调扰 

乱围绕Kupffer's vesicle (KV)区自由的细胞质I丐离子正常的偏左向分布，事实上， 

KV区胞质韩离子偏左向分布是一个传播、放大上游早期不对称信号线索从而介 

导左右不对称的形态发生的关键因素之一；最后，UII功能的抑制修改了介导 

胚胎不对称发育的正常的BMP和NODAL信号转导模式。总的来说，这些硏究 

结果支持这样一个结论：UII通过调控BMP和NODAL信号转导，调节KV的 

正常的形态发生，进而，维持围绕KV区细胞中的胞质I丐离子水平的方式来介导 

胚胎左右不对称模式化早期的分子事件。这相应证明了 UII及其G蛋白偶联受 

体系统为胚胎侧向性模式化发育的建立所要求。这有望为揭示先天f生内脏异位方 

面的人类疾病发生的分子机制提供一丝线索。 
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for the degree of Doctor of Philosophy 

at The Chinese University of Hong Kong in Jan 2010 

Urotensin II (UII) is the most potent vasoconstrictor identified so far. This 

cyclic peptide stimulates its G protein-coupled receptor (GPR) to modulate 

cardiovascular system function in humans and in other animal species. UII has 

diverse actions on the cardiovascular system such as modulation of cardiac 

contractility, vascular tone，vascular smooth muscle cell proliferation and cell growth. 

UII also has behavioral actions of stimulating locomotor activity, stimulating food 

consumption, inducing anxiogenic-like and depressant-like effects, and increasing 

the rapid eye movement sleep duration. It was found that the plasma levels of UII are 

higher in patients with atherosclerosis, heart failure, hypertension, preeclampsia, 

diabetes, renal disease and liver disease. Currently there is a dilemma about the role 

of UII on cardiovascular pathophysiology. Some evidence suggested the contributory 

role of UII in these diseases; while some other evidence uncovered high 

concentrations of circulating UII were protective on the cardiovascular system. 

Moreover, not all reports indicated a positive correlation between blood pressure and 

UII concentrations in patients, and a negative correlation had also been reported. 

In the present study using zebrafish as the model organism，we have 

investigated the function of Ull/UII-receptor (UIIR) signaling pathway during early 

embryogenesis. Before characterizing the function of zebrafish UII/UIIR signaling 

pathway in vivo, we first demonstrated the existence of the UII/UIIR system in 

zebrafish organism and the expression of UII/UIIR system during zebrafish 



embryogenesis with three line evidence: (1) the bioinformatics analysis unraveled 

that there are two orthologous genes of human UII in zebrafish genome, which is 

consistent with the reports previously and five orthologous genes of human UIIR in 

zebrafish genome. (2) In vitro transactivation assays between ligands and receptors 

suggested that the activation of zebrafish UIIRs by synthetic zebrafish or human UII 

inhibits the formation of intracellular cAMP，same as the signaling pathway of 

human UII/UIIR system. (3) Reverse transcription polymerase chain reaction 

(RT-PCR) results implied that the zebrafish UIIs and UIIRs have transcript activity 

during embryogenesis. 

Further, in vivo the functional characterization of zebrafish UII/UIIR system 

during embryogenesis was performed. Herein we presented five lines of evidence 

supporting the hypothesis that UII/ UIIR signaling pathway is required for normal 

determination of asymmetric axis during early embryogenesis. First, function-loss of 

UII results in a concordant randomization of viscus asymmetries in embryos, 

including abnormalities in cardiac looping and positioning of visceral organs. Second, 

knockdown of UII randomizes the left-sided expression of asymmetrical genes 

including lefty2’ spaw and pitx2c in the lateral plate mesoderm (LPM) and bmp4 in 

the developing heart domain and the LPM. Third, reduced UII levels interferes with 

the normal organogenesis of Kupffer's vesicle (KV), an organ implicated in the early 

steps of left-right (L-R) patterning of embryos. Fourth, repression of UII function 

perturbs the asymmetrical distribution of free Câ "̂  (intracellular Ca^^) at the region 

surrounding embryo KV during early somitogenesis, which is one of the signaling 

mechanisms that propagandize and amplify the early clue of left-right (L-R) 

asymmetry. Fifth, depressing UII levels alters the normal pattern of Bmp and Nodal 

signaling, which modulate the establishment of L-R axis of developmental embryo. 

Collectively, these observations support a model in which UII/UIIR signal system 

111 



takes part in the early molecular events of L-R asymmetry patterning of embryo by 

modulating Bmp and Nodal signaling, regulating KV normal morphogenesis, so then, 

maintaining the asymmetrical distribution of free intracellular Ca^^ at the peripheral 

region surrounding embryo KV. This study documents a role of UII/UIIR signaling 

pathway in the establishment of L-R axis of embryos which promises to reveal the 

molecular mechanisms responsible for human congenital diseases with heterotaxy. 

IV 



摘要 

尾加压素II (UII)是一种环形肽。它是目前已鉴定出能引起血管收缩效应 

最强的激素。它通过激活自身的G蛋白偶联受体(GPR)以调节人体和其他动 

物种的心血管功能。尾加压素II具有多效性，有证据表明它能引起心肌收缩、 

血管舒张、血管平滑肌细胞增殖、细胞生长；同时能调控动物行为方面的活动， 

例如剌激运动性活动、诱导类焦虑和类抑郁效应、剌激提高釆食量和增加快速 

眼动睡眠期。另一方面，人们发现在动脉粥样硬化、心力衰竭、高血压、子痫 

前期、糖尿病、肾脏病及肝脏疾病患者的血奖中UII 7jc平升高。关于UII在心 

血管中的角色研究，目前处于一个两难的窘境中；一些证据表明是UII上调引 

起了疾病发生，然而另有其它一些证据表明血液中UII浓度的升高对心血管系 

统有保护作用。此外，并非所有硏究都显示血压升高与血衆中UII浓度呈正相 

关，一些负相关的临床病例也被观察到。 

本硏究使用斑马鱼作为模式动物研究了 UII信号系统在胚胎发育方面的作 

用。首先，我们提供了三层证据证明斑马鱼有机体内存在UII信号系统，其基因 

在斑马鱼胚胎发育期间有转录活性。证据（1)生物信息学分析揭示斑马鱼基因 

组中存在两个与人L///直系同源的基因和五个与人UIIR直系同源的基因；证据 

(2)配体和受体间的体外相互作用试验结果说明人工合成的人的或斑马鱼的 

UII能够激活斑马鱼的这五个受体抑制细胞内第二信使环腺苷酸的合成，该结 

果与人UII信号系统类似；证据（3)逆转录聚合酶链反应检测结果表明斑马鱼 

UII信号系统在胚胎发育早期有转录活性。 

然后，我们进行了 UII信号系统在斑马鱼体内的功能研究。我们首次探查 

了 UII在早期胚胎发育中可能起的作用。在这里，我们提供了五层证据来支持 

这一结论：在胚胎发育早期UII为胚胎左右模式化的确立所要求。首先，UII功 

能抑制将随机化胚胎内脏器官的不对称性，其中包括心脏管弯曲异常和内脏器 

官定位异常。第二，UII功能下调随机化侧向性基因正常的偏左表达，包括 

lefty2 'spaw和pitx2c在左侧板中胚层的表达，以及bmp4在发育中的心脏原基 



区的偏左表达。第三，UII功能下调导致KV这一涉及胚胎左右模式化的极早 

期步骤的器官发育异常。第四，UII下调扰乱围绕Kupffer's vesicle (KV)区自 

由的细胞质齊离子正常的偏左向分布，事实上，KV区胞质韩离子偏左向分布是 

一个传播、放大上游早期不对称信号线索从而介导左右不对称的形态发生的关 

键因素之一；最后，UII功能的抑制修改了介导胚胎不对称发育的正常的BMP 

和NODAL信号转导模式。总的来说，这些硏究结果支持这样一个结论：UII 

通过调控BMP和NODAL信号转导，调节KV的正常的形态发生，进而，维 

持围绕KV区细胞中的胞质韩离子水平的方式来介导胚胎左右不对称模式化早 

期的分子事件。这相应证明了 UII及其G蛋白偶联受体系统为胚胎侧向性模 

式化发育的建立所要求。这有望为揭示先天性内脏异位方面的人类疾病发生的 

分子机制提供一丝线索。 
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Chapter 1 General Introduction 

1.1 Introduction to urotensin II (UII) 

1.1.1 Cloning and tissue distribution of UII from different species 

Urotensin II (UII) was first isolated from the urophysis of goby (Pearson et al.， 

1980) and subsequently from the brain of other fishes (Waugh et al, 1995) and also 

of R, ridibunda (Conlon et al., 1992). The cDNA encoding the precursor of UII has 

now been cloned from various mammalian species including rat and mouse 

(Coulouam et al., 1999)，pig (Mori et al, 1999)，monkey (Elshourbagy et al., 2002) 

and human (Coulouam et al.，1998). Moreover, an analogue of UII, termed as 

Ull-related peptide (URP) has been isolated from the rat brain and the cDNA 

encoding its precursor has also been cloned in mouse, rat and human (Sugo et al., 

2003). The sequences of UII and URP contain a cyclic hexapeptide 

(-Cys-Phe-Trp-Lys-Tyr-Cys-) that is fully conserved across whole vertebrate species. 

This cyclic motif is the minimal sequence retaining foil biological activity (Chatenet 

et al., 2004; Flohr et al., 2002). Comparative genomic studies uncovered that the 

UII-URP genes and the somatostatin-cortistatin genes stem from a common ancestral 

gene. Within their cyclic core region all this four peptides share the common 

-Phe-Trp-Lys- sequence that is functionally vital (Tostivint et al” 2006). 

It had been popularly accepted that UII is confined to the urophysis of fish 

(Conlon et al., 1997). However，immimohistochemical and biochemical studies 

indicated that UIIs also present in other tissues or organs. In particular, UII has been 



isolated from whole brain extracts of trout, skate, lamprey and river lamprey (Waugh 

et al., 1993，1995). Moreover, the occurrence of Ull-like immunoreactivity has been 

reported in the cerebral ganglia of the gastropod Aplysia californica (Gonzalez et al., 

1992). In the central nervous system, the UII and URP genes are primarily expressed 

in the motoneurons of the brain stem and spinal cord (Pelletier et al., 2002; Pelletier 

et al., 2005). UII and URP mRNAs have also been detected in various peripheral 

tissues including the pituitary, heart, smooth muscle, endothelial cells, leukocytes, 

spleen, thymus, pancreas, kidney, small intestine, colon, adrenal gland, placenta and 

prostate (Bousette et al., 2004; Coulouam et al., 1998; Matsushita et al., 2001; Onan 

et al., 2004; Shenouda et al., 2002; Sugo et al.，2003; Totsune et al., 2001; Totsune et 

al., 2003). 

1.1. 2 Post-translational processing of prepro-UII 

Based on the bioinfonnatics method, the primary structure of almost all 

prepro-UIIs could be deduced from their cDNAs (the nucleotide sequence of cloned 

DNA complementary to prepro-UII mRNA). The deduced UII precursors from 

different species possess approximately 120 amino acids residues. For example, the 

frog, human and carp prepro-UII are 127，124 and 125 amino acids long, respectively. 

The organization of both frog and human UII precursors is similar to that of the carp 

UII precursors. All precursors are composed of a consensus N-terminal signal 

peptide sequence, an N-terminal flanking peptide, a conserved proteolytic processing 

site (Lys-Arg-Lys-Arg), and a C-teraiinal extremity of the precursor, at which the 

UII sequence is located. Human mature UII is composed of only 11 amino acid 

residues, whereas frog and carp UII possess 13 and 12 residues, respectively. So, the 

prepro-UIIs need to be further processed to the mature peptides. Conlon et al., (1990) 

investigated the post-translational processing mechanism of the prepro-UII. They 
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isolated four peptides from an extract of flounder urophysis that are derived from 

prepro-UII by proteolytic cleavage. The comparison of action amino acid sequences 

between the mature peptides and the prepro-UIIs demonstrated that flounder 

prepro-UII is cleaved at two monobasic processing sites (single arginine residues) to 

generate peptides with limited homology to carp prepro-UII. Cleavage at a tribasic 

residue processing site generates an UII with the structure: 

Ala-Gly-Thr-Thr-Glu-Cys-Phe-Trp-Lys-Tyr-Cys-Val. The putative processing site 

for the prepro-UII is shown in Fig. 1-1. In addition, Coulouam et al., (1998) also drew 

similar conclusion (Fig. 1-2) when characterizing the UIIs of human and frog. 

1.1.3 Structure-activity relationship of UII and URP 

Studies of Leprince et al., (2008) suggested that the minimal sequence 

required for retaining the full biological activity of UII and URP is the conserved UII 

(4-11) motif; in particular the Cys^ and Cyŝ ^ residues involved in the disulfide bridge, 

A Q Q 

and the Phe , Lys and Tyr residues. Instead, free a-amino group and C-teraiinal 

COOH group are not essential for the biological activity, and even though 

modifications of these residues may enhance the stability of these analogues. 

1.2 Introduction to UIIR 

1.2.1 Cloning and tissue distribution of UIIR from different species 

By in vitrol experiments, Ames et al.，(1999) first identified a human GPR, 

GPR14, which functions as a UIIR. Now many UIIR genes from different species 

have been cloned, such as in rat (Cheng et al., 1995; Tal et al., 1995), cat (Aiyar et al.， 

2005), mouse and monkey (Elshourbagy et al., 2002). UIIR shows a high degree of 

sequence identity to somatostatin receptors (Marchese et al., 1995). In fact, UIIR 



and the somatostatin receptor sst3 are located in the same chromosomal region at 

17q25 (Tostivint et al., 2006) suggesting that the two receptors arose by tandem 

duplication. RT-PCR analysis and in situ hybridization studies indicated that UIIR 

mRNA is widely distributed in the brain and in peripheral organs (Ames et al., 1999; 

Marchese et al., 1995; Clark et al., 2001; Je'gou et al, 2006; Liu et al., 1999; 

Matsushita et al., 2001; Tal et al., 1995). In the central nervous system, the UIIR 

gene is expressed in the olfactory system，hippocampus, amygdala, hypothalamus, 

locus coemleus，motor nuclei and ventral horn of the spinal cord (Je'gou et al., 

2006). 

1.2.2 UIIR is a G protein-coupled receptor (GPR) 

UIIR belongs to the subfamily A5 of GPRs, which are homologous with the 

rhodopsin receptor. So, UIIR possesses many features of this family including the 7 

transmembrane-spanning domain (TMD), the D/ERY (Asp/ Glu-Arg-Tyr) motif at 

the junction of the third TMD and the second intracellular loop, the NPxxY 

(Asn-Pro-x-x-Tyr) motif in the seventh TMD, and the potential serine/threonine 

phosphorylation sites in the cytoplasmic tail. UIIR also has two potential 

N-glycosylation sites in the N-terminal domain and two cysteine residues in the first 

and second extracellular loops, which are thought to participate in disulfide bonding 

(Christophe et al.，2008; Boucard et al., 2003; Onan et al., 2004; Chung et al, 2002; 

Chung et al, 1988; Feng et al, 2003; Mhaouty-Kodja et al., 1999; Neve et al.，1991; 

Alewijnse et al.，2000; Ballesteros et al., 2001; Favre et al., 2005; Bihoreau et al., 

1993) (Fig. 1-3). 

1.2.3 UIIR signal transduction 

The UIIR is coupled to the Gaq/ii signal transduction pathway. When 
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extracellular UII molecule binds with it on the external cell surface, phospholipase C 

would be activated through coupling to Gq/n, which is bound to the guanosine 

triphosphate (GTP). The lipase hydrolyzes phosphatidylinositol (4, 5)-bisphosphate 

(PIP2) into two second messengers: inositol 3，4, 5-trisphosphate (IP3) and 

diacylglycerol (DAG.). IP3 binds with the receptor on the membrane of the smooth 

endoplasmic reticulum and mitochondria, which helps open the C a � . channel to 

increases cytosolic free calcium ion levels. DAG will help activate protein kinase C 

(PKC), which phosphorylates many other proteins, chang- ing their catalytic 

activities and leading to cellular responses (Saetrum et al., 2000; Tzanidis et al., 2003; 

Castel et al., 2006; Douglas et al., 2004; Ziltener et al., 2002; Sauzeau et al , 2001; 

Dutt et al , 2002; Sagi et al., 2001; Fromm et al., 1997; Gohla et al, 1998) (Fig. 1-4). 

In the GPR signaling system there are two principal signal transduction 

pathways: the cyclic adenosine monophosphate (cAMP) signal pathway and the 

phosphatidylinositol signal pathway (Oilman, 1987). Initiation of cAMP signal 

pathway requires the activation of Gi/s protein type linked to GPR. Therefore UII is 

not able to exert direct regulating effect on the cAMP levels. Observations from Song 

et al. (2006) indicated that human UII potently inhibits the forskolin-stimulated 

cAMP formation. However when experiments performed with Ca^^-free buffer the 

observed inhibition of cAMP formation is completely abolished, indicating some 

cross-talk between Câ "̂  mobilisation (Gq-mediated) and adenylyl cyclase inhibition 

(Gi/s-medaited). 

1.3 Functions of UII 

1.3.1 Cardiovascular actions of UII 

UII has diverse actions on the cardiovascular system, with evidences for 
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modulation of cardiac contractility, vascular relaxation, vascular smooth muscle cell 

proliferation, and cell growth, while other evidences implicate UII as a harmful 

mediator. Observations suggested that there is some extensive variations for one of 

these cardiovascular system responses to the UII challenge, for example, the 

contractile response，in human, like other species, the condition of the vascular 

endothelium is a key determinant in deciding how the cardiovascular system 

responds to UII stimulation (Camarda et al.，2002; Douglas et al., 2000; 

McMaster et al., 1988; Douglas et al., 2004). About this, a report from MacLean et 

al., (2000) shows us a good example: in small pulmonary arteries, only 30% of 

vessels tested responded to UII with consist efficacy and of those the efficacy varied 

from 14% to 220% (relative to the contraction caused by 50 mM KCl). 

Moreover, UII-mediated relaxation is also endothelium dependent, which has 

been demonstrated in isolated aorta from rabbits and rats (Ishihata et al., 2006; 

Bottrill et al., 2000). Vasodilation is generated by Ull-mediated increases in 

intracellular calcium levels in endothelial cells, which results in the release of the 

endothelial derived relaxing factors, nitrogen monoxide (NO) and 

endothelium-derived hyper- polarizing factor (EDHF). UII-mediated release of NO 

and its resultant dilatory action attenuate Ull-mediated contraction in the rat aorta 

(Ishihata et al.，2006). Endothelial factors might modulate the actions of UII in 

humans, thus contributing to contractile variability. In addition to endothelial factors, 

variations in both the vasodilatory and constrictor responses to UII might reflect the 

differentiation of the expression levels of UIIR in different organs, tissues or cellular 

types, which will depend on the size and location of the vessel (Onan et al., 2004). 

1.3.2 Behavioral actions of UII 

The widespread distribution of UIIR in the brain of mammals implies that the 
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UII/UIIR system might be implicated in diverse behavioral processes. For example, 

UII stimulates locomotor activity (Lancien et al, 2004), induces anxiogenic-like and 

depressant-like effects (Rego et al., 2005; Matsumoto et al., 2004), stimulates food 

consumption (Rego et al., 2005) and increases the rapid eye movement sleep 

duration (Huitron-Resendiz et al., 2005). 

1.4 The role of UII in cardiovascular pathphysiology 

It was found that UII levels are higher in the plasma of these patients with 

atherosclerosis, heart failure, hypertension, preeclampsia, diabetes, renal disease and 

liver disease (Bousette et al,, 2006; Cheung et al., 2004). However, the cause 

relationship between the UII and these diseases remains unclear so far. Some 

evidence suggested it is the elevated plasma UII levels to cause these diseases. But, 

recently other observations have questioned this contributory role of UII in such 

diseases, and have postulated a protective effect on the cardiovascular system. For 

example, the high concentrations of plasma UII correlated with improved clinical 

outcomes in patients with renal disease or myocardial infarction circumstances 

(Mallamaci et al 2005, 2006; Zoccali et al 2006; Khan et al 2007). 

Alike, the increase of plasma UII levels with increased pressure load raises the 

possibility that blood pressure is a stimulus for UII release. Evidence for this point is 

that plasma UII levels correlated positively with increased systolic and diastolic 

blood pressure in patients (Suguro et al., 2007; Cheung et al., 2004; Balat et al., 

2005). However, a negative correlation had been observed between the plasma UII 

concentrations and the mean arterial pressure in patients with acute coronary 

syndrome and stable coronary artery disease (Joyal et al., 2006). Dschietzig et al 

(2001) also uncovered that the blood pressure were not the stimuli for UII production 

in cultures of bovine pulmonary artery endothelial cells. Currently there is still a 



dilemma about the role of UII in cardiovascular pathophysiology. 

1.5 The developmental biology of zebrafish 

1.5.1 Advantages of zebrafish model for the study of vertebrate developmental 

biology. 

An understanding of the functions of genes implicated in development requires 

us to identify as many of the genes involved in development as possible. The 

classical vertebrate for genetic analysis is the mouse. However, due to the embryonic 

lethality caused by the fiinction-loss of many vital genes, consequently, discovery of 

mutations that interfere with the early steps in development has been very rare. 

George Streisinger (1981) of the University of Oregon recognized that the 

zebrafish, a small tropical teleost, has many of the advantages of C elegans and 

Drosophila; such as, short generation time (3 months), short embryogenesis (only 3 

days), large number of progeny, and translucent embryos which enables the 

investigators to examine its development readily with the dissecting microscope. 

Moreover, what the most vital is that the embryonic lethality might be avoided at 

some extent when using the zebrafish model. For example, the embryo might still 

survive for longer than would be possible in mammals even in the absence of a 

functional cardiovascular system (Veldman et al” 2008), 

1.5.2 Stages of embryonic development of the zebrafish. 

Normal development has been described in considerable detail (Kimmel et al., 

1995). Figure 1-5 A gives an overview of zebrafish development during the first 24 

hours (Haffter et cd.’ 1996), while development from 1 to 5 days is shown in Figure 

1-5B. About the stages of embryonic development of the zebrafish Kimmel et al 



(1995) defined seven broad periods of embryogenesis: the zygote, cleavage, blastula, 

gastmla, segmentation, pharyngula, and hatching periods. These divisions highlight 

the changing spectrum of major developmental processes that occur during the first 3 

days after fertilization, the detail of stages has been shown in the Table 1-1. This 

table gives a simple system to describe the developmental stages of embryos, which 

has been extensively adopted by researchers. For example, using "x x ss" to describe 

embryos from segmentation period, while when describing embryos from the 

pharyngula period, the format "x x hpf ’ often is adopted by researchers. 

1.5.3 The strategies and experimental techniques applied for the study of 

embryonic development of the zebrafish. 

In 1980, Streisinger and his colleagues in Oregon continued to exploit zebrafish 

for developmental genetics and strive to establish the common laboratory techniques 

for zebrafish husbandry and embryological observation (Streisinger et al., 1981). In 

1996, the large-scale chemical mutagenesis screens were performed by the Driever 

and Fishman laboratories and Nusslein-Volhard laboratory (Driever et al., 1996; 

Haffter et al., 1996). In these experiments, adult male fish were treated with the 

mutagen iV-ethyl-iV-nitrosurea (ENU), which efficiently creates point mutations in 

the germline (Gmnwald et al., 1992; Solnica-Krezel et al.，1994). Then these 

zebrafish lines harbored the mutations are inbreeded within a stock to obtain the 

incrosses and recessive phenotypes can be appeared. These studies were the first 

systematic, large-scale genetic screens in a vertebrate species. Recently, retroviral 

and transposable element insertion mutagenesis techniques and targeted mutagenesis 

technique in zebrafish using customized zinc-finger nucleases have been developed 

for zebrafish (Allende et al, 1996; Wang et al., 2007; Nagayoshi et al, 2008; Foley 

et al., 2009). Moreover, there are other some techniques, such as, gene mapping, 
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transgenesis, protein overexpression or knockdown and cell transplantation, etc. 

With successful application of these methods our understanding of vertebrate 

development under normal and pathologic conditions would largely be improved. 

1.6 Objectives of the present study 

On the one hand，the increasing evidence suggests the possible role and 

importance of UII in human cardiovascular pathophysiology; however, the most 

basic cause relationship between UII and related human diseases remains far away 

from clear and the accumulating data from different Labs are filled with widely 

discrepant statements. 

On the other hand, previous studies have suggested that UII mediates diverse 

biological processes in healthy organisms; however, to date there is still no report on 

the implication of UII in embryogenesis. Perhaps one of the reasons is that from 

lamprey, the representative of the basal group of jawless vertebrates to date，and 

elephant shark, the representative of the basal group of jawed vertebrates to date, to 

human, their UIIs share the completely identical biologically active sequence 

(CFWKYCV), suggesting that evolutionary pressure has acted to conserve the 

biologically active sequence of UII, indicating that the peptide may exert important 

physiological functions in vertebrates. Once deleted, that will result in early embryo 

lethality. 

In this present study, zebrafish is used as the model organism because of the 

many advantages of this vertebrate (Veldman et al.，2008), which enables the 

achievement of the following objectives: 

1. Demonstration of the existence of the UII/UIIR genes in zebrafish genome and 

of their expressing activity during zebrafish embryogenesis. 
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2, Characterization of the role of UII during early embryogenesis. 

The present study will not only contribute to our current knowledge about the 

functions of UII during embryogenesis but also shed light on the relationship 

between UII and human congenital cardiovascular diseases, particular with 

heterotaxy. 
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Carp MMCNLLLSFS VLLLSCTHLV AHPVTDTADM TYSGPDSVEE AGGVSPDDFA 
Flounder MKCNHLLSWA FLLAASGPAL GHPITESAEM PYPGPASLEE RGVGSLDDLS 

VSDLNDLLQR AAWEYSPLL S RENIK VPGQIPKEAL RELLLEKPYR 
LSEQNYPPQD GAGL-RYATLI SGEINRDGVR TTGLFPRGMK REVLLEKQSL 

LIPPSGLWGS RRQFRKRGGG AE 
LNPFSHVFGI RKQFRKRAGT TE 

Fig.1-1. A comparison of amino acid sequence of flounder prepro-UII with that 

of carp. Amino acid residues highlighted in red represent the putative sites of 

post-translational processing of prepro-UII and the conservative motif high lighted in 

purple. 

C a r p — a l p h a MMCNLLLSFS VLLLSCTHLV AHPVTDTADM TYSGPDSVEE AGGVSPDDFA 

Carp—gamma MMCNLLLSCS VLLLSCSHLL AHPVTDTADM TYSGPDSVEE AGGVNPDDFS 

F r o g -MSKLFFCCL 工LAGSFCSFR SLPIIVPSKG SL-RLSESALD FGDLKSWDDE 

Human -MYKLASCCL LFIGFLNPLL SLPLLDSREI SFQLSAPHED ARLTPEELER 

VSDLN——DL LQRAAVVEYS PLLSRENIKV PGQIPKEAL-R ELLLEKPYRL 

VSDLN——EH LQRAAVAGYS PLFSQENIKV PGQIPKEAL-R ELLLEKPYRL 

TRLL-RNLPMF VDKEAERDAE DIFSKEGFGL DAYN-MDDKE ELFDKHPRIS 

ASLLQILPEM LG—AERGDI L-RKADSSTNI FNPRGNL-RKF QDFSGQDPNI 

IPPSGLWGSR RQ 

IPPRGLWGSR RQ 

LLSRLQSKDR | Q 

LLSHLLARIW | p 

Fig. 1-2. Alignment of deduced amino acid sequences of human, frog and carp 

prepro-UII. The deduced mature UIIs are highlighted in green. Prohormone 

convertase cleavage sites are highlighted in red. 
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Fig.1-3. Schematic representation of the rat UIIR. 

Residues circled in red represent the most conserved residue of each TMD. Motifs 

are highlighted in green. Residues of UIIR that have been shown to be important for 

UII binding in blue. Putative N (Asii)-glycosylation sites (ISp, n � ] ) and the 

conserved disulfide bridge are depicted. Figure modified from Proulx et al.，(2008). 
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Fig.1-4. The signal transduction pathways involved in vasoconstriction and 

vasodilatation caused by UII 
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Fig. 1-4. The signal transduction pathways involved in vasoconstriction and 

vasodilatation caused by UII 

In vascular smooth muscle cell (VMSC), UII binds to a UIIR, leading to hydrolysis 

of phosphatidylinositol 4,5-bisphosphate (PIP2) into two second messengers: inositol 

1,4,5-triphosphate (IP3) and Diacylglycerol (DAG) by phospholipase C (PLC). IP3 

increases the release of Ca^^ from the sarcoplasmic reticulum or endoplasmic 

reticulum. UII also mediates Ca^^ influx through activation of a voltage-gated Ca^^ 

channel. DAG stimulates protein kinase C (PKC) which phosphorylates CPI-17 

(protein kinase C-potentiated inhibitor protein of 17 kDa), leading to inhibition of 

myosin light chain phosphatase (MLCP) which catalyses the dephosphorylation of 

phosphorylated regulatory myosin light chain (MLC-2). The increases in 

phosphorylated MLC-2, intracellular Ca^^ and phosphorylation of the actin-binding 

protein, caldesmon, by extracellular signal-regulated kinase (ERK) or p38 

mitogen-activated protein kinase (p38MAPK) lead to contraction of VMSC. In 

endothelial cells, U-II stimulates the production of prostacyclin and nitric oxide (NO) 

which then diffuses into VMSC, leading to increase in cGMP and relaxation of 

VMSC. Figure modified from Ong et al., (2005). 
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Fig.l-5A 

4-oeB8 1 h 

f) Q 
101/dh 18 

Fig.l-5B 

swirmning larva 

Fig.1-5. Development stages ofzebrafish embryo. 

16 



Fig.1-5. Development stages of zebrafish embryo. (A) The first 24 hours of 

development. (B) Embryos at 29 hours, 48 hours and 5 days of development. All 

embryos: lateral view. (This picture comes from Haffter et al, 1996) 
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Table 1-1. Stages of embryonic development of zebrafish 

hpf Description 

Zygote period 

1-cell 

Cleavage period 

2-cel 

64-cell 

Blastula period 

128-cell 

Sphere 

30%-epiboly 

Gastrula period 

50%-epiboly 

Shield 

75%-epiboly 

Segmentation period 

1-somite 

5-somite 

26-somite 

Pharyngula period 

Pnm-5 

Hi块-pec 

Hatching period 

Long-pec 

0 Cytoplasm streams toward animal pole to form the blastodisc 

3/4 Partial cleavage 

2 3 regular tiers of blastomeres 

2+1/4 5 blastomere tiers, cleavage planes irregular 

4 Spherical shape, flat border between blastodisc and yolk 

4+2/3 Blastoderm an inverted cup of uniform thickness, margin reaches 30% of distance 

between the animal and vegetal poles 

5+1/4 Blastoderm remains uniform in thickness 

6 Embryonic shield visible from animal pole, 50%-epiboly 

8 Dorsal side distinctly thicker, epiblast, hypoblast, evacuation zone visible 

Tail bud prominent，notochord rudiment distinct from neural keel, early polster, 

midsagittal groove in anterior neural keel, 100%-epiboly 

First somite fiirrow 

Polster prominent, optic vesicle, Kupffer's vesicle 

EL = 1 6 mm, HTA = 125"，side-to-side flexures, otoliths, Pnin-3 

EL = 1 9 mm, HTA = 120", OVL = 5, YE/YB = 1，early pigmentation in retina and skin, 

median fin fold, red blood cells on yolk, heartbeat 

42 EL = 2 9 mm, HTA = 55", OVL < 1 and > % YEiYB = 1 5, YB/HD < 1 3, PF(HAV) = 1 

dechononated embryos rest on side after swimming, YE remaining cylindrical，PF apical 

ridge prominent, early lateral stripe，complete dorsal stnpe, xanthophores in head only, 

iridophores m retina only, pencardtum prominent, NO heart chambers, segmental blood 

vessels, mandibular and hyotd arches, foregut developments, olfactory cilia, thickened 

otic vesicle walls 

48 EL = 3 I mm, HTA = 45”，OVL = PF(HAV) = 2, resting dorsal up，YE beginning to taper, 

PF pointed, dorsal and ventral stripes meet at tail, ca 6 melanophores m lateral stripe. 

10+1/3 

11+2/3 

24 
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mdophores plentiful on retina, distinct yellow cast to head, NO circulation m 2-4 aortic 

arches and in segmental vessels, olfactory cilia beating, semicircular canals, neuromasts 

Note: EL, embryo length; PF, pectoral fin; h, hours of development at 28.5"C; HD, head 
diameter in dorsal view; NO, Nomarski optics; H/W, height/ width; Prim, Prim stages refer 
to the no. of the myotome to which the leading end of the posterior lateral line primordium 
has advanced; YB, yolk ball; YE, yolk extension; YSL, yolk syncytial layer; HTA, 
head-trunk angle; OVL, otic vesicle length. This table is modified from Kimmel et al (1996). 
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Chapter 2 Bioinformatics Analysis, Cloning and in vitro 

Characterization of UII/UIIR System in Zebrafish 

2.1 Introduction 

Since UII was first isolated from the caudal neurosecretory system of goby fish 

in 1969, functional studies about the cyclic peptide have been continued for more 

than 40 years. A major reason for the continued interest and investment in the 

mammalian UII research is the potential association of altered UII/UIIR system 

activity with human diseases. However, to date, it remains to be established the exact 

role of UII plays in human diseases. 

In this present study, we use zebrafish as the model to investigate the role of UII 

in embryogenesis, particularly in cardiogenesis. In fact，the zebrafish model 

possesses many advantages for cardiovascular and developmental biology research: 

• The development of the primitive vascular system has been finished at 24 h 

• The embryo might still survive for longer than would be possible in mammals; 

even in the absence of a functional cardiovascular system. 

• Until over a week old, the embryos are nearly transparent, allowing in vivo 

visualization of any tissue or organ during development 

Considering that UIIR belongs to the subfamily A5 of GPRs sup-family and is 

coupled to the Gaq/n signal transduction pathway, the activation of which leads to 

the increase in mobilization of intracellular Ca^^ (Saetrum et al., 2000; Tzanidis et al.， 

2003) and inhibition of intracellular cAMP levelss (Song et al., 2006). Thus when 

performing the in vitro functional studies of zebrafish UII/UIIRs, we adopted the 

assay method of inhibition of cAMP formation. 
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In this present study, we revealed that the zebrafish genome harbors orthologs 

of the human UII/UIIR genes, including three ligands (UIip, Ulla and URP) and 

five receptors. Moreover we have cloned these orthologs (UIip and Ulla) from 

zebrafish and further demonstrated their expression during zebrafish embryogenesis. 

Third, by in vitro functional studies of zebrafish UIIRs, we have found that: 

• The zebrafish UIIRs belong to the GPR family. 

參 The zebrafish UIIp and Ulla may activate at least 4 of the 5 receptors and 

activation of these receptors inhibits cAMP formation. This finding is similar to 

that of the human UII/UIIR system. 

• Activity of zebrafish UIIR3 is detected only by lO'̂ M of human UII 

stimulation. 

2.2 Materials and methods 

2.2.1 Chemicals and reagents 

The following reagents with their suppliers are listed below: restriction 

endonucleases (New England BioLabs), TRJzol (Invitrogen), RNase-free DNase I 

(Invitrogen), Oligo dT primers and ImProm-II Reverse Transcription System 

(Promega), Expand High Fidelity Taq polymerase (Roche), GOTaq (Promega), 

RACE System for rapid amplification of cDNA ends (Invitrogen), Dual Luciferase 

Kit (Promega)， Pfii DNA polymerase (Stratagene), pCRII (Invitrogen), 

pcDNA3.1TOPT/A vector (Invitrogen). 

2.2.2 Experimental animals and cell culture 

Zebrafish {Danio rerio) were maintained at 28 °C with a 14:10 h lightrdark 

cycle and fed twice daily. Embryos were generated by natural crosses. Fertilized eggs 
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were raised in embryo medium at 28.5°C. For in situ hybridization analysis, embryo 

medium was supplemented with 0.003% (w/v) 2-phenylthiourea to inhibit embryo 

pigment formation. All experiments were conducted in accordance with guidelines 

established by the University Committee on the use and care of laboratory animals at 

The Chinese University of Hong Kong. 

The HEK293 cells were maintained in DMEM containing 10% fetal bovine 

serum (FBS) and 100 |ig/ml penicillin and streptomycin in 5% CO2 at 37°C. The 

cultures were diluted with 0.025% trypsin with 0.01% EDTA and re-plated when 

they have reached 90% confluency to maintain them in an asynchronous and 

exponential phase of growth. 

2.2.3 Data mining and phylogenetic analysis 

To identify UII and UIIR in different species, TBLASTN tool was used to 

search the genome database of species in these web sites: 

參 ensembl genome browser: http://www.ensembl.org/index.html 

• NCBI database: http://www.ncbi.nlm.nih.gov/ 

• Elephant shark: http://esharkgenome.imcb.a-star.edu.sg 

Multi-alignment of putative UII and UIIR from different species was performed with 

CLUSTALX. Phylogenetic analysis was performed using domain sequences of UII 

and UIIR from different species by the neighbor-joining method of the MEGA4 

program. The reliability of the estimated tree was evaluated by the bootstrap method 

with 1000 pseudo-replications. Synteny mapping was carried out based on Danio 

rerio Zv7 and Homo sapiens Build 36.3 (www.ensembl.org/Homo sapiens/index. 

synteny map html). Genomic structure was determined by searching the zebrafish 

genome at: www.ensembl. org/Danio rerio/index.html. 
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2.2.4 RNA extraction and RT-PCR 

Total RNAs were prepared from different zebrafish adult organs or embryos at 

different developmental stages using the Trizol, treated with RNase-free DNase I to 

avoid possible contamination from genomic DNA and then reverse transcribed using 

the ImProm-II Reverse Transcription System and Oligo dT primers or Random 

primers. The cDNAs were then subjected to PCR amplification using specific 

primers (see Table 2-1) using Expand High Fidelity Taq polymerase or GOTaq 

following the manufacturer's instructions. When possible, all primer pairs have been 

designed on different exons to avoid amplification of any contaminating genomic 

DNA which might be present in the cDNA preparations. Control PCR experiments 

with samples prepared without reverse transcriptase was performed to ensure that 

genomic DNA contamination did not contribute to the PCR amplification. 

2.2.5 Molecular cloning and plasmid construction 

Total RNA was digested with the RNase-free DNase I and was reverse 

transcribed into cDNA using the ImProm-II Reverse Transcription System and Oligo 

dT primers or Random primers. When performing the comparative genomic studies, 

Tostivint et al., (2006) had cloned the two zebrafish UII genes (JJIIa, NM—212848; 

UIip, NM—205591.1). However, they had no done the functional characterization on 

the two genes. Herein，we directly used the sequence information of the two genes 

from their reports. As for the 5 zebrafish UIIRs, we used RACE (Rapid Amplification 

of cDNA Ends) kit to obtain the ends of the cDNA following the manufacturer's 

instructions. Based on the results of the bioinfonnatics analysis and the RACE 

experiments, primers (Table 2-1) were designed for cloning the open reading frame 

of UIIRs from zebrafish. The open reading frame of each zebrafish UIIRs was 

amplified by RT-PCR using PfU DNA polymerase. The resulting cDNA was cloned 
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into the pCRIL To generate the receptor expression constructs, the above PGR 

product was also cloned into pcDNA3.1TOPT/A vector to produce the eukaryotic 

expression vector pcDNA3.1 TOPT/A- UIIRs and was sequenced to confirm the 

direction and correctness of the sequences. 

2.2.6 In vitro functional studies of zebraflsh UIIRs 

HEK293 cells were transiently co-transfected with the following plasmids: (1) 50 

ng pcDNA3.1 TOPT/A- UIIRn{n\ 1, 2, 3，4, 5) carrying the entire coding region of 

each of the zebraflsh UIIRs; (2) 500 ng experimental luciferase reporter plasmid 

controlled under a promoter containing CRE (cAMP response element); (3) 20 ng 

control luciferase reporter plasmid as an internal control. In this experiment, the 

pcDNA3.1 TOPT/A plasmid was used as mock vector. Using RT-PCR, the 

transfection efficiency and expression levels of these receptor constructs were 

evaluated. After 6 h of transfection, synthetic zebraflsh UIIp, Ulla and human UII (as 

control) are diluted with free-serum DMEM. Then each kind of differently 

transfected HEK293 cell is incubated with DMEM containing different 

concentrations of different hormones for a further 20 h. Afterwards, luminescence 

was measured using a Lumat LB 9501 luminometer (EG&Q Berthold, Germany) 

and activities of both the firefly luciferase (experimental) and the Renilla luciferase 

(control) were measured sequentially from the same sample using the Dual 

Luciferase Kit. The zebrafish UIIp, Ulla and human UII were synthesized by 

Sinoasis Pharmaceuticals, Inc. (Guangzhou, China). 

2.2.7 Data analysis 

All data which is from 3 times independent trials were expressed as mean 

values±S.E.M. Data were considered statistically significant at P<0.05 using either 
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one-way analysis of variance (ANOVA) or impaired t-test. The statistical analysis 

was performed using the software GraphPad PRISM Version 5.0. (GraphPad, San 

Diego, CA)(www.graphpad.com). 

2.3 Results 

2.3.1 Zebraflsh UII exhibits high sequence identity with that of other 

vertebrates. 

In this study, we first searched for the presence of putative UII family members 

in genomes of different vertebrate species. The sequences of human UII were used as 

queries in TBLASTN searches. We found the orthologs of human UII in the genomes 

of the major vertebrate species. From lamprey, the representative of basal group of 

jawless vertebrates to date, and elephant shark, the representative of the basal group 

of jawed vertebrates to date, to human, their UIIs share the completely identical 

biologically active sequence: a cyclic hexapeptide (-Cys-Phe-Trp-Lys-Tyr-Cys-); 

which shows high conservation across different vertebrate species (Fig. Fig.2-1 and 

Fig.2-2), suggesting that evolutionary pressure has acted to conserve the biologically 

active sequence of UII indicating that the peptide may exert important physiological 

functions in vertebrates. In the zebrafish genome there are three orthologs of human 

UII: Ulla UIIp, and URP. To determine whether there is functional redundancy, 

divergence or differential regulation between Ulla and UIIp, using the web promoter 

scan service we first performed the prediction of possible transcriptional factor 

binding to the promoters of Ulla and UIip at the following websites: 

• http ://bip. weizmann.ac.il/toolbox/seq_analysis/promoters.html 

• http://www-bimas.cit.nih.gov/molbio/proscan/ 

• http://greengene .uml.edu/programs/promoter.html 
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• http://zlab.bu.edu/mfrith/cgi-bin/cister.cgi 

All prediction results from these different websites are integrated to give the Figure 

2-3, these results indicate that promoter of zebrafish UIip embodies more putative 

c/5-elements than that of Ulla, suggesting that regulation of UIIp is complex 

reflecting the potential widespread and diverse tissue distribution of UII and likely 

multiple functions. 

2.3.2 Diversity of zebrafish UIIRs 

Search results indicate that in zebrafish genome there are 5 different genes 

orthologous to the human UIIR, and they were distributed on different chromosomes 

of the zebrafish genome. According to Zebrafish Nomenclature Guidelines 

(www.zfin.org), we designed these new genes as: UIIRl (Chr.l2), UIIR2 (Chr.3), 

UIIRS (Chr.l6), UIIR4 (Chr.6) and UIIR5 (Chr.l2), 

2.3.2.1 Zebrafish UIIRs possess the structural characteristics of A class 

subfamily of GPR family 

The multi-alignment of amino acid sequences of zebrafish and human UIIR 

shows that they possess some common features (Fig. 2-4). Similarly to human UIIR, 

the zebrafish UIIRs embody the 7TMD and encompass some conserved 

residues/motifs of the class A GPRs, such as, an (N/S)LxxxD motif in TMD2, a 

Glu/Asp-Arg-Tyr (E/DRY) motif at the junction of the TMD3, the second 

intracellular loop and the NPxxY motif. At the C-terminal region of zebrafish UIIR, 

putative phosphorylation sites could be found [Human, 8 sites; Zebrafish, 11 sites 

(UIIRl)]. The number of putative phosphorylation sites differs in zebrafish and 

human UIIR, which implies potential differences in the phosphorylation, 

internalization and desensitization of the receptors (Wyse et al. 2003). The zebrafish 
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UIIR also contains a putative caveolin-binding motif (FxFxxxxFxxF, where F is a 

hydrophobic residue and x is any amino acid) that is similar to that reported in the 

angiotensin ATI receptor (Fig. 2-5). 

2.3.2.2. Orthology relationship of UIIRs from different species 

To establish the orthology relationships among UIIRs from different species 

we have performed a phylogenetic analysis. In Fig.2-6, we present a rooted 

neighbour-joining (NJ) tree obtained by aligning multiple protein sequences of the 

UIIR family from different vertebrate species. The topology of the tree is coherent 

with the known relationship between the different taxa and is supported by robust 

bootstrap values in almost all the nodes. The putative ortholog from lamprey, the 

basal group of vertebrates, is used as the outgroup which represents the root of the 

tree. In the phylogenetic tree we found that the five zebrafish UIIRs cluster into 4 

different clades: UIIR2 clade, UIIRS clade, UIIRl clade and UIIR3/UIIR4 clade. 

UIIRS and UIIR4 cluster into the same clade implying that the two loci are perhaps 

derived from a tandem duplication event of a common ancestral gene. However, the 

other receptors present only a single copy. The fact that there are four different types 

of zebrafish UIIRs suggests a probable functional diversification or functional 

redundancy of the UII/UIIR system in teleos. 

Subsequently, to find evidence for the conservation of synteny, we compared 

genomic regions neighboring the zebrafish UIIR to the genes neighboring human and 

mouse UIIR. We used the Multi-Contig-View tool of ENSEMBL Genome Browser 

(www.ensembl.org) to analyze the neighboring genomic regions of each zebrafish 

UIIR with the human or mouse genome. Among the five zebrafish UIIRs, we only 

found the zebrafish UIIRl and UIIRS share good synteny with the orthologs. In the 

synteny region conserved genes, for example, a no-coding RNA gene and a REIT 
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(receptor expressed in lymphoid tissues) gene may be founded in genomic flanking 

regions around zebrafish UIIRl or UIIR5 genes in the zebrafiish genome or in 

genomic flanking regions around their homolog in human genome. This strongly 

suggests that in zebrafish the two receptors UIIRl and UIIR5 may have higher 

function conservation during vertebrate evolution. This point might be reflected by 

the homology between human UIIR and zebrafish UIIRs: The human UIIR is 

74.68%, 42.21%, 37.66%, 36.54% and 45.59% identical to the zebrafish UIIRl, 

UIIR2, UIIR3, UIIR4 and UIIR5 homologues, respectively. On the contrary, as for 

UIIR2, UIIR3 and UIIR4，no syntenic gene is found in the flank around UIIR in the 

human and mouse genomes, indicating these UIIRs are specific to zebrafish, or are 

functionally redundant for zebrafish 

2.3.2. Expression patterns of zebrafish UII and UIIRs during embryogenesis 

The expression patterns of the 7 genes of the zebrafish UII/UIIR system, 

including 2 ligand genes and 5 receptor genes were examined. As shown in Fig. 2-7, 

Ulla mRNA is not detectable by RT-PCR in early embryogenesis until the hatching 

stage (48-72h). UIip mRNA is detectable throughout the different stages of 

embryogenesis, ranging from the 1-cell stage to 2 dpf. These data suggest that UIip 

transcripts not only are maternally deposited, but also are the products of the zygotic 

genes activated after the mid-blastula transition, since zebrafish embryonic genome 

is transcriptional activated only after 3 hpf (Alexander et al.，2007). In contrast, the 

mRNA of the five receptor genes is not detectable by RT-PCR in early 

embryogenesis. The mRNA of UIIRl and UIIR2 became detectable at the 

Blastulation stage (around 30%-epiboly) the levels of UIIRl mRNA increased after 

24 hpf and was maintained at relatively high levels thereafter. UIIRl mRNA was 

detected at 30%-epiboly and thereafter was maintained at relatively low but stable 
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levels across the other stages of embryo development. While transcripts of UIIR3, 

UIIR4 and UIIR5 were easily detectable only at 24hpf, thereafter were retained at 

same levels throughout the other development stages. 

2.3.3. In vitro functional studies of zebrafish UIIRs 

After bioinformatics characterization of putative zebrafish UII/UIIR system 

genes followed by their cDNA cloning，we further examined the biological activities 

of putative zebrafish UII/UIIR in cultured eukaryotic cells in vitro. In this study, the 

biological activities of the 5 zebrafish UIIRs were examined by a receptor 

transactivation assay using the Dual Luciferase Reporter Assay system. Results 

reveal that zebrafish UIIRs are biologically active and are able to respond to the 

stimulus of human UII. However, the activation of UIIR3 requires a much higher 

concentration of human UII to challenge than the other receptors. Ligand specificity 

of receptor interaction was ascertained by parallel studies in which the zebrafish 

UIIR-expressed cell lines were stimulated with synthetic zebrafish UIip, Ulla and 

human UII (as control) (Fig 2-8a, b, c). 

2.4. Discussion 

Originally, to establish the orthology relationships among UIIs from different 

species we performed a phylogenetic analysis. However, each of all UIIs identified 

so far is an extremely short peptide containing only 11 to 14 amino acid residues, 

when performing the phylogenetic analysis of all these UIIs using MEGA4 program, 

this program fails to run and some pair-wise distances cannot be estimated 

successfully by the program due to very short peptide chain. So, herein，we have not 

provided the phylogenetic tree of UIIs and only given the multi-alignment of amino 

acid sequences of UIIs (Fig. 2-2b), which shows extremely high conservation of UIIs 
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across different vertebrate species. 

Based on in vitro ligand-receptor transactivation assay, we found UIIR 2, 4 and 
O Q 

5 have significantly response to the challenge from 10" M Ulla or 10' M Ullb 

(Fig.2-8 a, b), in comparison with them, UIIRl shows variation, has significantly 
Q 

response to stimulation from 10" M Ulla but has no significantly response to that 
Q 

from 10" M Ullb, which seem means that Ulla is more physiological potent than Ullb 

and UIIRl is specific for Ulla. On the other hand, UIIR2, 4, and5 have much more 
Q n 

significantly response to stimulation from 10' M Ullb than 10" M Ulla (Fig.2-8 a, b) 

So, these receptors perhaps are specific for Ullb. 

Expression profile of zebrafish UIIs and UIIRs uncovers transcripts of UIIRl 

and UIIR2 are detected at approximately 30% epiboly stage (5hpf); transcripts of 

UIIR3, UIIR4 and UIIR5 become obviously detectable after 24hpf stage. Only after 

48hpf Ulla begin to strongly express; instead, initially Ullb mRNA is maternal 

deposition and its zygotic transcriptional activity appears at approximately 60% 

epiboly stage (7hpf). In the light of that onset of circulation of zebrafish embryos 

occures after 24hpf and its development is completed at 48hpf (Isogai, et aL, 2001), 

we hypothesize during embryogenesis Ulla mainly exerts its physiological effect on 

cardiovascular system, but Ullb contributes to early embryogenesis. The hypothesis 

perhaps gives a reasonable explain for the lag expression of Ulla, in fact which also 

is consistent with our previously conclusion: Ulla is more physiological potent than 

Ullb and 

In in vitro experiments the HEK293 cells (hirnian embryonic kidney cells) and 

the CHO cells (Chinese hamster ovary cells) are frequently used to study GPRs. 

These cell types possess a large repertoire of G proteins that are necessary for 

coupling to downstream effectors in situ. They also share a reliable history of 

positive functional coupling for a wide variety of known GPRs; particularly HEK293 
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cell line itself does not express the GPR14 and Till (Ames et al., 1999; Kitayama et 

al, 2003; Libert et al., 1991; Stadel et al, 1997; Zhao et al., 2009). In addition, 

previous reports (Song et al., 2006) suggest human UII stimulates CHO cells 

expressing the exogenous human UIIR inhibits the intracellular cAMP formation. 

Therefore when undertaking this in vitro assays of zebrafish UII/UIIR system we 

employ the pCRE-Luc plasmid construct (Stratagene) as the experimental luciferase 

reporter. The construct contains the luciferase reporter gene driven by a basic 

promoter element (TATA box) joined to tandem repeats of CRE,(cAMP response 

element) to sense the concentration change of intracellular cAMP levels and use 

HEK293 cells as the host expressing zebrafish UIIRs. Our results provide more 

convincing experimental evidence to demonstrate that: (1) Ulla and UIip may 

activate at least 4 of the 5 zebrafish receptors. (2) Activation of these receptors by 

synthetic zebrafish or human UII inhibits the formation of intracellular cAMP, 

similar to the signaling pathway of human UII/GPR14 system. (3) Bioactivity of 

UIIRS could only be detected by of human UII stimulation. 

In short, at this section, our observation demonstrates the existence of the 

UII/UIIR signal system in zebrafish and the expression of UII/UIIR system during 

zebrafish embryogenesis. 
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Table 2-1 List ofPCR primers 

Primer 

UIIaF 

UIIaR 

UIIpF 

UIIpR 

5'UIIRl 

5'UIIR2 

5'UIIR3 

5'UIIR4 

5'UIIR5 

UIIRlf 

UIIRlr 

UIIR3f 

UIIR3r 

UIIR4f 

UIIR4r 

UIIRSf 

UIIRSr 

UIIR2f 

UIIR2r 

Pitx2cF 

Pitx2cR 

lefty2F 

lefty2R 

leftylF 

leftylR 

NtlaF 

NtlaR 

SpawF 

SpawR 

Sequence (from 5，to 3，） 

ccggattcagtggaagagg 

ataacacacggctgttgctct 

tgtgtctgttggtgtcatcat 

tctgcatgtttagtgcattgg 

gagtggcacatgacaaccag 

ggtcctgtgactgttggtga 

atggggagagagagggtgat 

atgatggcgagggtgtagag 

gtcccgaaagtcgatgtgat 

atgaccactgtgtctgtggagc 

gaggctgctgttgttggt 

atggatatacctggttctacttcc 

ttgctcagagctgcccttttggc 

atgagtaacgcagctaatagcag 

tccaatttgatcgtggatcatg 

atgaattacaacaagtctagcggtcc 

ctgcatcacctttaactgcgcc 

atggaagcagatgatcatttttc 

cagtattacagaactgtttgccc 

ggatgtgcacacggtttcagac 

attggacgcgtttcagtggttt 

cccggctcacattaagagcaag 

tgtccatggagcatccacactt 

aggggtttcacccacgaagac 

cgtagccgtagttgcgctttg 

gtcaccggtctcgaccctaatg 

gagctctcgaactgggcatctc 

tgttgattgcgtgtggatcg 

cgctccggttggtagagctt 

Purpose 

RT-PCR 

RT-PCR 

RT-PCR, in situ probe synthesis, 

and ORF isolation 

5,RACE 

5'RACE 

5'RACE 

5'RACE 

5'RACE 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

RT-PCR, ORF isolation 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 

in situ probe synthesis 
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foxa3F gcagtcacaaagcaagatgctca 

foxaSR agctccgtgttgaagatgtcctg 

ngn-lF ttcgcacacggatgatgaaga 

ngn-lR aagtggtgggaaagccgtcat 

crestin-F cacaccgggaacatcaccag 

crestin-R gcgcaagctagctgatgcaa 

egr2b-F tgtgcaccctcttgccgata 

egr2b-R gtgcgaatgtgggtcgtcag 

pax2a-F atgttcgcctgggagatcagag 

pax2a-R ggatttcggctccatgaaagtg 

mab21L2-F ggtgtcggatgtgctgaagg 

mab21L2-R ttacccggagagcagcatga 

rx3-F ggaaccgaaccacgttcacc 

rx3-R ggaaagtggccagctgcatt 

barhl2-F cagcctcatctgctcggtca 

barhl2-R tcacggtcacaggctcgact 

Nkx2.5F ctggagcagaatcaggaggaca 

fgfSaF tcctcaccttcatggacagctc 

fgffiaR ggtgcgtttagtccgtctgttg 

chdF cctgctgccatacaatggactg 

chdR cagtctgaagggttgcgtctga 

flhF ttgcatcaggactatgccacct 

flhR gagcaatggcgtgtgtaagtga 

gscF cgccgaacttacaatcggtga 

gscR cagcccattccagaacatcaga 

iro3F ccgacccatatactcgcaggac 

iro3R tgtctgaagttgtggcggtctc 

eomeF ttcaccgccatcaaactgaga 

eomeR cagcaggtcatcggtgtatgc 

dhmF acatactcacgcagcttttgg 

dhmR attcctgatgatcctccagagc 

situ probe synthesis 

situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

n situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 

situ probe synthesis 

n situ probe synthesis 
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Goiay 

Fig. 2-1. Amino acid sequences of predicted UII from different species, 

(a) goby, (b) human, (c) porcine, and (d) mouse. Shading indicates the C-terminal 

cyclic hexapeptide sequence, which is conserved across species. Figure was modified 

from Davenport et al., (2000). 
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Guttata_URP 

Chicken_URP 

FrogJJRP 

Cattle_UII 

Horse_URP 

Human_URP 

Chimpanzee_UII 

Monkey_URP 

Mouse_URP 

Rat_URP 

FlounderJJIIl 

Founder—UII2 

Grouper_UII 

SticklebackUII 

Medaka_UII 

FuguJJIIl 

Tetraodon_UII 

Carp_UII_beta 

Zebrafish_UIIbeta 

Sucker—UII 

Guttata_UII 

Chicken—UII 

Trout—UII 

Mouse_UII2 

Rat-UII 

Pig—um 

Pig_UII2 

Paddlefish_UIl 

Sturgeon_UII 

Catshark_UII 

Lamprey—Un 

Frog_UII 

Human_UIIl 

Human_UII2 

Huinan_UII3 

Monkey.UII 

Sucker_UIIl 

Carp_UII_alpha 

EELEKLKDQLSAEDGSEVAYALESLSASQ PKKRACFWKYCI -

EQLLKFKDQLSAEEGSEVADALESLTASQ PKKRACFWKYCI -

EQLEKLKEQLLEGKTADVTYAVEGMASSH……- PNKRACFWKYCV-

NQLEKLKEQLMEAKDAEMSYAIDGLSSSH PNKRACFWKYCV-

NQLEKLKEQLMEANDAEISYTIDGLASSY PNKRACFWKYCV-

NQLEKLKEQLVEEKDSETSYAVDGLFSSH PSKRACFWKYCV-

NQLEKLKEQLVEEKDSEASYAVDGLFSSH PGKRACFWKYCV-

NQLEKLKEQLVE-KDSDMSYAIDGLFSSH PSKRACFWKYCV-

RQVKKL-RDWIMEAKNTGLSNALDNLSSSH --TKKRACFWKYCV-

RQLKKL-REWFMEAKSAEPSNALDKLSSSH PIKRACFWKYCV-

LEVLLEKQSLLNPFSRVFGI-RKQFAG——-- TTECFWKYCV-

REVLLEKQSLLNPFSHVFGI-RKQKRKR------ AGTTECFWKYCV-

REVLLEKQSLLNPFSRVLGI -RKQL-RKR-------- AGNSECFWKYCV-

EEVLLERQSLLNPFSRLFGI-RKQFRKR- AGNSECFWKYCY-

KDFFLEKQRLLNPFGHILGI-QKDFRKR- - - - SGNTECFWKYCV-

KEVLLEKQHLLDPFSQALGI-RKQL-RKR- TGNNECFWKYCV-

KEVLQEKQSLLNPFSHVLGI - RKQFRKR- HGNDECFWKYCV-

GGNTECFWKYCV-

KEALLEKP- - - -LWSRFLGS-RKQYHKR GSNTECFWKYCV-

GSNTECFWKYCV-

KETFHGNHPRNAFLGRFLIKDRKQYKKR GNLSECFWKYCV-

KEAFYGNHPRIALLGRLLVKDRKQYKKR GNLSECFWKYCV-

GGNSECFWKYCV-

GQNS NTVLSRLLARTRKQHKQH --GAAPECFWKYCI -

GQDS -NTVLSRLLARTRKQRKQH GTAPECFWKYCI -

GQDP- NIFLSHLLARIKKPYKKR -GPPSECFWKYCV-

GQDP NIFLSHLLARIKKPYKKR GPPSECFWKYCV-

- GSTSECFWKYCV-

GSTSECFWKYCV-

NNFSDCFWKYCV-

NNFSDCFWKYCV-

KEELFDKHPRISLLSRLQSKDRKQFKKRA GNLSECFWKYCV-

RKFQDFSGQDPNILLSHLLARIWKPYKK RETPDCFWKYCV-

RKFQDFSGQDPNILLSHLLARIWKPYKK RETPDCFWKYCV-

RKFQDFSGQDPNILLSHLLARIWKPYKK RETPDCFWKYCV-

RKFQDFSGQDPDILLSHLLARIRKPYKK RETPDCFWKYCV-

AGTADCFWKYCV-

RELLLEKPYR-LIPPSGLWGSRRQFRKR GGGADCFWKYCV-
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CarpJJII—gamma RELLLEKPYR-LIPPRGLWGSRRQFRKR GGGADCFWKYCI --

Zebrafish_UIIalpha KEFLLEKPYR-LVPPSGLLGSRRQFRKR - - --GGGADCFWKYCV--

Sucker—UII2 GSGADCFWKYCV--

Te t raodon_URP EMITALEELQRAVNSTLSSRITVMSRDSANPWTGQNSKKSQIXmRVCFWKYCSQN 

Zebrafish_URP TIDSGGISPKASTDQMDPKLNGKSFKKSLP STKKTNKRVCFWKYCSQN 

* * * * * * 

Fig. 2-2a. Alignment of pre-UII and pre-URP amino acid sequences. 

The conserved residues are highlighted in red. The accession numbers of the sequences used in this alignment are 

listed as followed: Grouper UII, ACN65410.1; Guttata UII, XP_002195510.1; Cattle UII, XP_871317.2; Frog UII’ 

NP_001120467.1; Flounder UII, P21857.1; Founder UII, CAD56907.1; Horse URP, XP_001500- 234.1; Human 

UIIl, NP_068835.1; Human UII2, AAI26444.1; Human URP, NP_937795.2; Fugu UII, NP_001072085.1; 

MouseUII, NP_036040.1; Mouse URP, NP_937809.1; Chimpanzee URP, XP—001161544; Chimpanzee UII, 

XP_0011- 57678; Monkey UII, NP„001028067.1; Chicken URP, NP_996872.1; Chicken UII, NP_996873.1; 

Zebrafish Ulla, NP—998013.1; Zebrafish URP, NP_001076411.1; Rat URP, NP—937766.1; Rat UII, NP_062033.1; 

Zebrafish UI取 NP_991154.1; Sucker UII, P04559.1; Pig UII, NP—999308.1; Pig UII，BAB60889.1; Caip UIIo^ 

1007166A; Carp UI取 P04561.1; Carp Ully, 1007166C; Trout UII, 2003277A; Catshark UII, P35490.1; 

paddlefish UII，P81022.1; Sturgeon UII, AAB47079.1; Sucker UII, P01147.1; Sucker UII，P04558.1; Frog UII, 

P33715.2; Taeniopygia guttata URP, XP_002190569.1; Tetraodon URP, CAG04941.1; Tetraodon UII, 

ENSTNIP00000002161; Lamprey UII, P81022; Medaka UII; ENSORLPOOOOOO17414; Stickleback UII, EN-

SGACPOOOOOOl 63-60. 
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Grouper—UII "AGNSECFWKYCV 

Stickleback_UII --AGNSECF1VKYCV 

Trout-UII --GGNSECFWKYCV 

Fugu.UII --TGNNECFWKYCV 

TetraodonJJII --HGNDECFWKYCV 

Zebrafish-UIIbeta --GSNTHJFWKYCV 

Sucker_UII --GSNrnCFWKYCV 

Carp_UII„beta --GGNTKCFWKYCV. 

Medaka.UII --SGNTECFWKYCV. 

Flounder.UIIl -FAGTIECFIKYCV. 

Founder_UII2 --AGTIECFmYCV. 

Frog_URP ACFWKYCV-

Chimpanzee_URP ACFWKYCV-

Guttata—UII --GNLSECFWKYCV-

Frog_UII -AGNLSECFIKYCV-

Chicken—UII --GNLSEOTKYCV. 

Pig-UII --GPPSECFWKYCV-

Paddlefish.UII --GSTSECFWKYCV-

Sturgeon_UII --GSTSECFWKYCV-

Mouse_URP ACFWKYCV-

Monkey_URP ACMCYCV-

CatsharkJJII --NNFSDCFWKYCV-

Lamprey_UII --NNFSDCF1VKYCV-

Cattle—UII ACFWKYCV-

Horse—URP ACFWKYCV-

Rat-URP ACFWKYCV-

Huraan_URP ACFWKYCV-

Human一UII ---ETPDCFWKYCV-

Chimpanzee_UII ---ETPDCFWKYCV-

Monkey_UII …ETPDCFWKYCV. 

Sucker.UIIl --AGTADCF1KYCV-

Zebrafish_UII_alpha --GGGADCF1KYCV-

Carp_Un—alpha --GGGADCFWKYCV-

Carp_UII_gamma --GGGADCBVKYCI-

Sucker_UII2 --GSGADCFWKYCV. 

Mouse一UII QHGAAPECFWKYCI. 

Rat—UII QHGTAPECFWKYCr 
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GuttataJJRP ACFWKYCI--

ChickenJJRP ------ACFWKYCI--

Zebrafish.URP VCFWKYCSQN 

Te t raodon.URP VCFWKYCSQN 

Fig. 2-2b Alignment of putative mature UII and URP amino acid sequences. 

The conserved residues are highlighted in red. The accession numbers of 

These sequences used in this alignment are listed in the legends of Fig. 2-2a. 
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Fig.2-3 Possible functional cis elements in the zebrafish UII promoters 

CTCTACAAATGCGCTTTGTATCTTCAACTACATGTTGCATACTAGGGCTACTCGACCAAAAAGCCTCACTTCTCAT 

AAGCTCATAGCTGAATTTGGCAGTGTCTCTGAACCAAACGCGAACTATAATTACGTAGTTTCAAAGTTTCCGACC 

AGAAAGACAACGAAACAATGGCATGAAACTTCCACAGGGATGGTAAGCCTGAGCGGACAAACTTCTGCTCCCTC 

c-mvc-PUR mTDT-site_B_(10) EGFR-undefined-site-S 

CCTCCACCAGCACGCCCATGACATCATCGCACCGGCTCACCCAATCATACCAAACATTAAAGACATTACTTGCTG 

CTTATGTTCATAAACATGTTCATTTATTGTATTTTTTCATTTAATTATTCATTAAATACATAAACAATTCATTAAAT 

opaque-2-zein storage prot_(l) 

TTCTTTTCAGATTTGTCCACGCGGAATGAACCGGGGACTTATCCAGGATAGGTTTTGCACAGCGTATGCCCTTCCA 

RAPl-LSRl/UAS(rpg) CS 

GCTGCAACCCATCACTGGGAAACACCCATACACTCCCATTCACTCACATACACTACAGACAATTTAGCTTACCCA 

ATTCACCTATAGCATGTCTTTGTACTTTTGGGGGAAACCGGAAACACGGGGAAACCATGCAAACTCCACATAAAA 

ATGCCACCTGACCCAGTTGAGGCTTGAACCACCAACCTTCTTGCTGTGAGGCGACAGGGCTACCCATTGTGCCAC 

TBP-ARS domain A 

CAGGCCCCCCTTATAATTATTAAATTATTATAAAAAATAAAAAAAAATGTACTTTATAGAACATTGACTACGGTG 

ATAAATATTTACAATAAATAAGTTACCATCATGTGGTGGAAAAATTCATTTTAACTATTACTAAAACATTGATTTC 

GR-MSV-II 

TAAAAAAACGTCTCATTCTTACTAGAAACACCAAATATTAGAAAACATATGCCTTCCTAAGAAAAGATGGTACA 

PrI-lD 

AAAACATATTACAAGAAGGGTCATTCAGAAGGGGGTCATCTGTTTTTTAAAATATGCATTCAATAAACACAAATC 

CTGGGAGCCATGTCCTGATCCTCAGAAGAGGAACGCTCTAAGCAGAACTGGGTGTCATCTGTGACAGTGTGCCTT 

myc-PRF RVF 

GAAGAAGGGGAAAGAAGATAAAACCTGCTGGTTAGCCTATGTGCACTCTGCAGCAACCGGTGTTCCTGTATGAC 

TGTCGGACCTATTCTTTGCAAAGAATAAAACCTTTTTGGAATTAAACCTTGTCTTTTGATCAGCAAGAGTCTCTTT 

ATTGAAATGGCCATGACAATTATTTTAATAAATAAGCTATATATTTTTTCAATTATATTTTCCATCATTATACACC 

ATTACATTAATTTATAAAAAATTTTAAAAACCTTGAAACATAATTAGGTGGGACTTAATGCACATTTTCTTAAATG 

CTGTGAACAATATATTATATTATATTATATTATTCATTCATTTTCATTTCAGCTTCGTCCCTTAACTAATCTGGGGT 

CreA-prn APF-alM Mvf Tef 

CGCCACAGCGCAATGAACCACCAGCTTATTCAGCTTATGTTTTACACAGCAGATGCCCTTCCAGCTACAACCCAT 

CCCTGGGAAACACCCTTACAAGTGGAACACCCAGATGAAACCTATGTGAACATGGGAGAACATGCAAACTCCAC 

API LSF 

ACAAAAATGCTAACTGACCCAGCCGAGGCTCAAACCAGAGACTTTCTTGCTGTGAGACAACAGTGTTACCCACTG 

CyIIIa-Pl.1 LSF 

CTCCCCCACATTCATTTTCTTGTCGGCTTAGTCCCTTTATTAATCCAGGGTCGCCACAGCGGAATGATTTGCCAAC 

LSF Sry-delta-genomic-l 

TTATCCATTAAGTTTTTACGCATTTATCCAGCAAGTTTTTACGCTCTTCCAGCCGCAACCCATCTCTAGGAAACAT 
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Tcf CBFl-rRen 

TACACACACACTCATACACTACGGACAATTTAGCCTACCCAATTCACCTGTACCGCATGTCTTTGGACTGTGTGG 

Myf Myc CRE LSF 

GAAACCGGAGCACCTGGAGGAAACCC/^CGCG^CGCAGGGAGAACATGCAAACTTCACACAGAAACGCCAACTG 

LSF 

AGCCGAGGATCGACCCAGCGACCTTTTTGCTGTTAGGCGACAGCACTACCTACTGCGCCACTGCATCGGCCTGCT 

FoxA2-cdx-2 M14b SDI-A2 

CCACCACATATTATACATTAAGTTATATTATATTATATATTGTAATAG77TG7TrG77TrrGTCCATAAAAAAAACA 

TAAAAATCATAAAATGTAACCATAAAATAATCATCTTTTCACCATGTGCACATTTATCCAGTCCAACAAAAAAAT 

ATAGCAATAAGATTAAATCACCATAGACGATTAATCAATGATTGTGGCAAATATTCCAGATCATCTTTTTGCTTTA 

HNF-4 CS 

TCTTAGGCAAGGTTCACACTTCCATGTGTTCTACATGTACGGTGTATTGCACCAGACTAAATGACACACTCTAAA 

MIG1-SUC2_(1) LUN 

AAATGTGTGTTGCTGTAAACCAACATTGGGTTTGTCCATATTTACCCTAATGTCAGAGTACAACAACCCAGCATTT 

TTGGAGTGTGCCATTTAAGCTGGTGGACTACACTGTGAATGTAGGAGTGCTATTCACTGTTTTTTAGAGTGTGTCA 

MIG1-SUC2 EM 

TTTAACAACCCAGCATTTTTTCAGCGTCATCAGTTTTTTTTGTTTTTAATTAATAACGTAATTCAAGAACATAAATT 

HFH-2 CS2 

GATCAGCTTCTTTTCTGAATATTGGGGGATAATATCTGATATTGAACAGCCTAGCATTGCAAATTGTTATTTTCTT 

TTTTAAACTGTTTAATGCTGGGAGCAATACATGCAAATAAACGCCTCATGGGATCAATCTTTCATATATAGATCA 

ACAAGTGCAGTAAAACTGAGTGACGCACAGTATAATGCGTCTGCTCTGTCTGATTTCACTCCAAGCTTTTATAAA 

TGTCAAATGTGCATTGCTAATATGACTTCACCAATGGATGATAAACA 

TXS-nfe2-3 

AATGTGTTGCTGATTCAAATGTGTTGAATCTCAAGTTTATATTCCTGATGCTCTCCACTTTTATCACCCCAATTGAT 

ATAATGTTGACAGGATCAGTGTTGCAGCCAGAATCCCCAGTAAAACCTCTTTACCTATGCATCAGTTGTGAAATA 

TACTTCCATCTTTTTCAGTATAAAAGGCCTACATAAAAGACAGCTGACACGTTCATAAAATAGACTTTTATGCGTC 

GTGGAGTTAATAGAAGGACATTTGCACACCTGTGTTCCCCGATTTACAAACTCAGTAAAACAAATGAGATTCAAA 

hPRL-Pitx-Bl 

GGTGATAAAGCCACTGCGATCCCGATTTATTCATGGATGCATTAATGCAATGGGATCTAAATGTGAAAATAAGAC 

Spl-zeta-globin 

GTTCAATAAAAACGTGGCATTCGGTATGATTGGTAGTGTGGGGTATATAAGATGAGAGAGTGTCTGTGGAGCTG 

CCAAT box MvoD-acetylcholine receptor 

ATTGACCTa4CAGGAGCTGGAGCCGCTGTAGAGATG 
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Fig.2-3 Possible functional cis elements in the zebrafish UII promoters 

TIl-Kr (2) 

AGTTGCTCTGGAAAATATAATTAAATTTTTCAATATAATGTTAACATATACTTTCTCTGTCAATTTATGTGTTGAGTTTT 

BPl-beta-globin HlTFl RS (AC-box) 

TACTGCAAATGTCACATCCATAACGCTGGAAXTGCTOTATATGMMTATTCATATATATGTOTGTTTGTTTGTGTACA 

hbl Genesis-site-3 

TGTATCATTTCTAATMRMRNTTGTTTCATACTGTTATCAACCATGCTATACACATTGAACCAAGTCAATGTTGAG 

ACATTCACTAATTTAAAACTGTTGAGAAATTCATTAAAAACACAATAAAGTTTAAGTAAAAAAAGAAAATAACATA 

ACAAAAATGTTTTAAGTCTAAGAACTTGGTCTAATATTGTCCTCCAGAATGTCCTTCACAGTAAAACATGAATATCT 

RZR/ROR RE 

AGGTCAAACTTTTAGTGTTCGTGTTGGTTTCCAGACTCACAAACAACCACAGTGAACTTATTAAACAATTACACGG 

TCTGCTTTTGAGTTGTGTTGTTGACTTGCACGTAAACAGACTTTATTGTACATCTATATAAAGTTTTATCGATGTAAA 

CAATAGTTCAGAAAATAATGAAAACAAACTTACCCTCTTCTGTCACTCCAGACACGCGCAGACCCGTGAAAGTCG 

AC-box RAPI-mdscan-motif 

CGTCTCATTCACGCACACACACACAAACACATAGACGGTCAGGCGTGACACACGACAAAAGACACGCACACTCTC 

GTGTTTTGTTGGACTGCAGTCAATCACAGCATCCTCTTCTCTCCGGTCTGAGCTCTGTGTCCGCTGTTCTTCATGTT 

MET31/32 RS 

TCCACAGTTTTTCTTCACTCAATGACAGTTTGACTTTGGCTGCTACTTTTGTTCTCAGTCAAAACAAAGAGAATGAT 

C/EBP-HBV Box-beta 

GTAGAGTTTCTCACGCGCCTCCATCGCCGTCTGCTGGTCATTCGGATTACTTCAAAQACTTTGCTCCTGTTTTTTGA 

qa-lF-qa-2.2 Pit-l-CS-1 (2) 

GCATTTCTACATGCTTATTATCGGTGATAGAATTGTTAAACACAATTAGGATTTTAATCAACCCCGCTOTTAGGATTTA 

fAE2B/ CORE 

TGCATAGGCATATACATATTTAAGTCTATGATTTAAGATTTACTGCAGTGATTAATATGTTTATTTGTTTATGAAATTAT 

TTTAATCCTTAACTGATGTACTGTCGTAGGCTACTCGTATGTAGCTTTTATTTTTTAACAATTGTGTTAAGCTAATGGT 

FoxA2-cdx-2 

CAAAAATGACCATGACCACTTGTAGACAGACAGACAGACTGACAAAAAACAAACAAACAGATGGATAGACAGAA 

EiaEFl-IEB) Nir box 

GGATGAACAGGCAGATGGCTAGACTGACAGACAGACAGATATATAGTCAGACAGACAGATTAATAGACAGAAAGA 

CGGACAGTTATATAGAAAAACAGATAGACAGATAGAAGACAAGCAGATGACTAGATAGATAGAGTGACGAACAGA 

GATAGACGAACAGACAGATAATTGATAGACAGACAGACGACAGACAGACAGACGAATAGGTAGACAGACAGTTG 

GCTAGACAGACAGACGGACAGATAGACAGACAGAGAACAGATGGACAGACAGACAGAAAAAAATAGATAGATAA 

AGACAGACAGACAAATGTTCAGACATACAGACAAACAAGATAGATAGATGAATAGACAGAGATGGATAGACAGAC 

mvc-CFl-c-mvc � 

AGACTCACAGAGAGAAAATOOACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGATAGATAG 

ACAGACAGTTAGATAGACAGACAGTTAGATAGATAGATAGATAGATAGATAGACAAATACACAGAAGATGGATCGA 

41 



CAGACTGACAGACAGACAGATAAATAGGTAGACAGATAGATGGCTAGATAGAAAGACAGACAGATGGACGGACA 

GATAGACAGACAAACAGACGACTAGACAGATAGACAAACACAAATAGGCAGACAGAAAAACAGATAGAGAAACA 

HNF3 

AATAGACAGACAGACAGACAGACAAATAGACGAATAAAGAGAACAAACAGATGACTAGATAGATAGACAGAAAG 

ACAGATGTACGGATAAACAGACAGACAGACGGAAGGACAGATAGACAGATGGACAGACAGATTGATAGATGACA 

CAGACAGACAGGAAGACAGACTGGTGGATATATGAACAGACTGACAGACAAACTGACGGACAAACAGACATAAA 

TGGACAGACAGAAAAACAGATAGATAAATGAATAGACAGAGACGGATGGACAGACAGACCCACAGAAAGAAAAC 

GGATAGATAGAAGAACAGACAGACAGACAGACAGACAGACAGGCAGGCAGGCAGGCAGGCAGATAGATAAATAG 

ATAGATAGATAGATAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGA 

CAGACAGACAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATA 

GATAGATAGATGAATAGACAGATAGACAGAAGAATAGGCAGAGAGATAGACGGATAGAAAGACAAACAAATOACT 

rPRL-FPl 

AGATATATAAACAGACAGACAAATAGACAGAAAGGCAGACAAACAGAAAGACAGAAGTATTGAAAAATAAATAG 

ACAGACAAATGGACGGATGGACAGACAGATTAACAGATAQATAGACAAATAGACAGACGGATAGACAGAGGCTCA 

CAGAGAGAAAAGGGACAGACAGACAGACAGACAGACAGACAGACAGACAGATAGATAGATAGATAGATAGATAG 

ATAGATAGATAGACAGACAGACAGACAGACAGACAGACAGATAGATAGATAGATAGATAGACAGACAGACAGACA 

GACAGACAGACAGACAGACAGATTAGTAGGTAGGTAGACAGATAGACGGATAGAAAGACAAAGACAGACAGAGG 

AATGGACAGACAGACAGACAGACAGACAGACAGACAGACAGACAGATAGACAGATAGATAGATAGATAGATAGAT 

AGATAGATAGATAGATAGAGACAGGCGGACGGACAGAGGAATGAACATATAGATAGGCAGACAGACAGACAGACA 

ERE (GR-Mrib) TATA Box E4BP4 

CTTGCAGAGGCAGCAGAAATAAATGAGATTGACACGCTGTCCTGAGGCCAGAATAGCTCTCACCTTTTACACCATT 

Mvf Ets LysHREVI SRF HNF3betaO) Mef-2 

GTCACACGTTCGCGTCTGCACCRCCMYRCGTMJGTTTTTGAQCGTCTTAAAATAGAAGACGTCAAGATGCAAG 

Mvf Mvf , TATA Bo* HAP-2/3/5-CY11 AP I 

CGAGTAACTGCAGGAATAAATCTCAGCGGCCTCTTAAATAAATGAATGCGGGCAATTTGCCTGGTOGAGTCATCC 

Mvf LSF beta-RAREl 
CGCAGACTCTAACGCACAGAGCGCTTCTCCACCTGCGTTCAGCTGGATTTATGAACTCTGAACACTGGTAAAAAA 

M Ets GAGA-kruppellJ TATA Box Pri-4D J ^ Lts 

AAGTGTCCCGTTCCTOACCCGCTGTCTCTCAGTTTTATGGAGCCATTCA T 1 CARCR I CTGTCAATTTA CAAGCGC 

opaque-2-albuinin b-32 (5) r4l4Box ICS � rau-E4 

AGAATATGCAGAGGAGGGAGATGACATGGACACTTCTGAAGCGTATATAAACCCAGGAGGAGTTTCACTGAGGAL 

M Msf H l l F l R S CRE AP-1 

GAAACTCCAGGCTGAAGGCTTCAGTTGTTTGTGTCRGTTGGTGTCATCATG 
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Fig.2-3 Possible functional cis elements in the zebrafish UII promoters 

The blue region of DNA sequence represents a 25 times repeated cis Smad3-Smad4 binding elements 

region (CAGACAGACAGACA); c-myc-PUR, a cw-element binding Pur, Ref: Mol Cell Biol 12: 

1257-1265 (1992); mTDT-site—B—(10)，a c«-element, Ref: Mol Cell Biol 11: 5229-5243 (1991); 

EGFR-undefmed-site-, a cw-element, Ref: J Biol Chem 268: 16065-16073 (1993); opaque-2-zem 

storage protjl , a c/5-element binding opaque-2, Ref: Plant Cell 4: 689-700 (1992); RAPl-LSRl，a 

c/s-element binding RAPl, Ref: Mol Cell Biol 8: 5086-5099 (1988); TBP-ARS domain A , a 

c/5-element binding TBP, Ref: Proc Nati Acad Sci U S A 90: 8018-8022 (1993); GR-MSV-II , a 

c«-element binding GR, Ref: J Steroid Biochem 27: 9-14 (1987); Prl-ID , a c«-element binding Pit-1, 

Ref: J Biol Chem 269: 29335-8 (1994); myc-PRF , a cw-element, Ref: Nature 339: 718-21 (1989); 

RVF , a c/5-element, Ref: Mol Cell Biol 11: 1875-82 (1991); CreA-pm , a cw-element binding CreA, 

Ref: Eukaryot Cell 3: 144-56 (2004); APF-alb4 , a c«-element binding APF, Ref: Genes Dev 2: 

957-74 (1988); Cyllla-Pl.l ， a c«-element, Ref: Genes Dev 4: 1999-2010 (1990); 

Sry-delta-genomic-1，a c/s-element Sry-delta, Ref: EMBO J 10: 2533-2541 (1991); CBFl-rRen , a 

cw-element binding CBFl,Ref: J Biol Chem 280: 20860-6 (2005); FoxA2-cdx-2 , a cw-element 

binding FoxA2, Ref: Mol Cell Biol 17: 1626-41 (1997); M14b，a cw-element, Ref: Nature Genet 22: 

281-5 (1999); SDI-A2 , a cw-element, Ref: Mol Cell Biol 15: 4158-66 (1995); HNF-4 CS , a 

m-element binding HNF-4, Ref: Genes Dev 4: 2353-65 (1990); MIG1-SUC2_(1)，a cw-element 

binding MIGl, Ref: Mol Cell Biol 14: 1979-1985 (1994); LUN RS , a cw-element binding LUN,Ref: 

J Biol Chem 276: 14004-13 (2001); HFH-2 CS2 , a cb-element binding HFH-2, Ref: Mol Cell Biol 14: 

2755-66 (1994); TXS-nfe2-3, , a cw-element binding NF-E2/p45,Ref: EMBO J 16: 5654-61 (1997); 

hPRL-Pitx-Bl ， a cw-element binding Pitx-l,Ref: J Biol Chem 277: 44408-16 (2002); 

Spl-zeta-globin_(l)，a cw-element binding Spl, Ref: Mol Cell Biol 10: 282-294 (1990); 

MyoD-acetylcholine receptor, a d和element binding MyoD, Ref: Nature 341: 716-720 (1989); Tll-Kr, 

m-element binding Kruppel (Kr) and tailless (til), Ref: Science 256: 94-97 (1992); BPl-beta-globin, 
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c/5-element binding BPl, )，Ref: Nucleic Acids Res 17: 8833- (1989); HlTFl RS , c«-element 

binding HlTFl，Ref: Mol Cell Biol 9: 1566-75 (1989); hbl, cw-element binding hunchback，），Ref: 

Nature 341: 335-337 (1989); Genesis-site-3 c/j-element binding, ), Ref: J Biol Chem 271: 23126-33 

(1996); RZR/ROR, cw-element binding RZR/RORalpha and RZR/RORbeta; RAPl-mdscan-motif, a 

c«-element binding RAPl,Ref: Nat Biotechnol 20: 835-9 (2002); AC-box is a c?5-element containing 

sequential "CA", Ref: J Biol Chem 265: 2238-43 (1990); MET31/32 RS a c/5-element binding 

MET31/MET32,Ref: Mol Cell Biol 17: 3640-8 (1997); C/EBP-HBV_Box-beta a c«-element,Ref: 

DNA Seq 1: 33- (1990); qa-lF-qa-2.2 a m-element binding qa-lF，Ref: Mol Cell Biol 7: 1256-66 

(1987); Pit-l-CS-1—(2), a cw-element binding Pit-1，Ref: J Biol Chem 266: 9805-9813 (1991); 

fAE2B/ CORE, a cis-element binding Cad, Ref: Genes Dev 5: 855-867 (1991); FoxA2-cdx-2), a 

m - e l e m e n t binding FoxA2, Ref: Mol Cell Biol 17: 1626-41 (1997); E l ( I E F l - I E B ) , a multiple E-box 

binding lEFl, Ref: DNA Cell Biol. 11:549-58 (1992); Nir_box_(2), a cis-element binding NF-InsEl, 

Ref: Mol Cell Biol 8: 2620-7 (1988); myc-CFl-c-myc—(1), a cw-element binding myc-CFl, Ref: Mol 

Cell Biol 11: 1765-1769 (1991); HNF3beta3, a cw-element binding HNFSbeta, Ref: Eur J 

Pharmacol. 464:87-94(2003); rPRL-FPI, a cw-element binding PREB/Pit-l,Ref: Science 234: 1552-7 

(1986); GR-MRib, a cw-element binding, Ref: DNA 5: 383-91 (1986); E4BP4(NF1L3) , , a 

c«-element binding E4BP4, Ref: Nucleic Acids Res, 22:59-65 (1994); Myf，a cw-element binding 

myogenic factor, Ref: EMBO J. 8:4358 (1989). ETS, a cw-element binding winged helix-tum-helix 

domain, Ref: Biochem. Biophys. Res. Commun. 264: 119-126(1999); LysHREVI a cw-element, Ref: 

EMBO J 7: 2063-73 (1988); SRF, C-fos serum response element, Ref: J. Biol. Chem. 280: 

11816-11828(2005); Mef-2, a Myocyte-specif ic enhancer,Ref: J. Biol. Chem. 275: 22563-22567 

(2000); HAP-2/3 /5-CYT1, a cw-eleraent binding HAP-2/3/5, Ref: Mol Cell Biol 11: 4934-42 (1991); 

LSF, a c«-element binding HeLa transcription factor, Ref: Hum. Molec. Genet. 9: 2275-2280 (2000); 

beta-RAREl, a cis-element binding RAR-gamma,Ref: Cell 68: 377-395 (1992);TEF, a cw-element 

binding thyrotroph embryonic factor, Ref: Genes Dev. 5: 1739-1753 (1991); GAGA-kruppel.3, a 

c/5-element binding GAGA, Ref: J Biol Chem 266: 574-82 (1991); Prl-4D, a cw-element binding 
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Pit-1, Ref: J Biol Chem 269: 29335-8 (1994); opaque-2-albumin b-32—(5) , a cw-element binding 

opaque-2, Ref: EMBO J 10: 617-624 (1991); ICS—(3), a m-element Ref: J Biol Chem 267: 

25589-96 (1992); mu-E4，a cw-element binding NF-uE4, Ref: In Transcriptional Control 

Mechanisms: 83-101; LN4, a m-element, Ref: EMBO J 5: 1791-7 (1986); HlTFl RS, a c«-element 

binding HlTFl, Ref: Mol Cell Biol 9: 1566-75 (1989);CRE, a cAMP response element, Ref:Molec. 

Endocr. 6: 647-655 (1992); AP-1, a activator protein-1 transcription factor complex regulatory 

element, Ref: Science 297: 1700-1703 (2002); Search parametrs: Expected Mean Number; 0.01; 

Statistical Siginicance Levels: 0.9500000; Levels of homology between known RE and motif: 80%; 

Variation of Distance between RE Blocks: 20%. 
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Fig. 2-4. Alignment of UIIR amino acid sequences from different species. 
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Fig. 2-4. Alignment of UIIR amino acid sequences from different species. 

The UIIR consists of a 7TMD, an extracellular N-terminal region, three extracellular loops 

(el-e3), three intracellular loops (il-i3) and a long cytoplasmic C terminus. The human 

UIIR is 74.68%, 42.21%, 37.66%, 36.54% and 45.59% identical to zebrafish UIIRl, UIIR2, 

UIIR3, UIIR4 and UIIR5 homologues, respectively. It contains two cysteine residues (C123 

and C199), which are thought to form a conserved disulfide bridge that stabilizes the receptor 

structure, a conserved aspartic acid residue (D97) in TM2 and other key signature residues of 

the rhodopsin family of GPRs, including the [E/D]RY motif at the beginning of i2 and a 

NPx2-3Y motif at the end of TM7(indicated with red arrowhead). F̂  and Kg of UII contact 

M184/M185 (TM4) and D^o (TM3), respectively, of the UIER (indicated with blue arrowhead). 
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The putative phosphorylation sites (red) of COOH-terminal region of human UllR 

PKA/C OKI PKA CKI 
YTLLTRNYRDHLRGRVRGPGSGGGRGFVPgLQPRARFClRC^GRSLpC^PQPTDSLVLAPMPARPAPEG 叩 APA 

The putative phosphorylation sites (red) of COOH-terminal region of zebrafish UllR 

PKC PKA CKI GSK3 
YTLLTKNYKEYLRKRQRTWTAGSYLNRRNRFQRSPRRSLSSSSQXTESFVLAHTSRTNNSSL 

caveolin-binding motif 

Fig. 2-5. An expanded view of the C-terminal region of human and zebrafish 

UIIR. 

The C-terminal region of UIIRs reveals putative phosphorylation sites (red) and their 

potential kinases. (Upper panel: human; lower panel: zebrafish). The number of putative 

phosphorylation sites differs in zebrafish and human UIIR, which indicates potential 

differences in the phosphorylation, internalization and desensitization of the receptor (CKI, 

casein kinase 1; GSK3, glycogen synthase kinase 3; PKA/C, protein kinase A/C). The 

zebrafish UIIR contains a putative caveolin-binding motif (FxFxxxxFxxF, where F is a 

hydrophobic residue and x is any amino acid) that is similar to that reported in the 

angiotensin ATI receptor (Wyse et al., 2003). 
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Chapter 3 Urotensin Iip is required for the L-R patterning of 

zebraflsh embryos 

3.1 Introduction 

While vertebrate external appearance exhibits bilaterally symmetry, the 

distribution of circulatory system, the structure of the brain, and the structure and 

placement of internal organs are neither identical nor symmetrical with respect to its 

left-right body axis. For example, in humans the most of the heart, the stomach, the 

pancreas and the spleen is positioned on the left side of body, whereas the most of the 

liver and the gall bladder is located on the right side of body. Moreover, the left lung 

has fewer lobes than the right lung, and the gut exhibits a coiling anticlockwise. L-R 

asymmetry is a common feature of all vertebrates (Levin et al., 2005; Raya et al., 

2006). The failure of the L-R patterning during embryogenesis leads to severe 

medical conditions (Hackett et al., 2002; Bisgrove et al., 2003; Peeters et al., 2006). 

In the last decade, a great deal of work has been done in this field. However 

there are still many un-answered questions on the molecular basis of L-R asymmetry 

(Aw et al., 2008). Observations from chick，Xenopus laevis, mouse and zebrafish 

embryos suggest that the development of L-R asymmetry can be conceptually 

divided into three main phases: (l)an initial-breaking of symmetry; (2) establishment 

of asymmetric gene expression; and (3) transfer of positional information to the 

developing organs (Levin et al., 1998a). This conceptual process has been showed in 

Figure 3-1. Brend et al (2009) suggested two very broad themes involved in the 
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molecular process of L-R patterning during early embryogenesis. The first is the 

critical role for cilia-dependent asymmetric fluid flow in all vertebrates and the 

second is the variation on the initial-breaking of symmetry, the timing and 

mechanism of early L-R specification, depending on species. 

3.1.1 Two models on the initial-breaking of bilateral symmetry of the embryo 

In the process of laterality determination of the embryo, a key question need to 

be solved is what kind of signals and mechanisms operate the initial-breaking of 

symmetric status of the embryo for orienting the L-R axis in the same direction 

across all individuals from same specie? Currently, there are two equally plausible 

models trying to deal with the problem: 

1) Ion flux model. 

Based on several observations from the early stages of sea urchin, ciona, chick, 

frog, and zebrafish embryonic development. Levin et al (2006) suggested that the 

higher membrane potential caused by L-R asymmetric distribution of maternal ion 

transporter (H+/K+-ATPase or H^-V-ATPase) in midline right side of early embryo 

than that in left initiates the initial-breaking of symmetric status of early embryo. The 

detail of ion flux model has been showed in Fig.3-2. 

2) Nodal flow model 

Work in mouse and zebrafish model organisms has implied that the leftward fluid 

flow (termed as the nodal flow) generated by rotational movement of node cilia that 

protrude from cells located on the ventral side of the node breaks the L-R symmetry 
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by transport of the L-R determinant signal, for example, Ca signal, Nodal signal 

and the so-called nodal vesicular parcels, which contain the sonic hedgehog homolog 

(Shh), retinoic acid and Ca etc, towards the left side of embryo to induce the 

asymmetrical expression of nodal specifically in the left side of the early somite 

stage embryo (Sulik et al.，1994; Nonaka et al., 1998, 2002; Tabin et al., 2003; 

Tanaka et al., 2005; Hirokawa et al., 2006). A strong bolstering evidence for the 

model is that exogenously supplied directional flow is sufficient to reverse the L-R 

orientation of wild type embryos and to restore L-R asymmetry to randomized 

mutant embryos (Nonaka et al , 2002). The detail of nodal flow model has been 

showed in Fig. 3-3. (a, b, and c). 

3.1.2 The asymmetrical genes 

Tabin and colleagues in 1995 identified a regulatory cascade (the Nodal cascade) 

involving three TGF-b family member genes, nodal, lefty 1 and lefty2, and the 

homeobox transcription factor gene pitx2. This cascade is apparently conserved 

across all vertebrates analyzed so far. A single nodal gene has been identified in 

mammals and in chicken, whereas multiple «oc/a/-related genes are present in frog 

and zebrafish (Table. 3-1). 

At the early somite stage nodal and lefty from different species show common 

asymmetrical expression pattern on the left LPM (Table3-1). Several lines of 

evidence suggested that Nodal is a determinant of 'leftness' and it activates its own 

expression (Shiratori et al. 2001; Oh & Li 1997; Yan et al 1999)，while leftyl 

inhibits nodal overexpression on the left side of embryo. Thus nodal and lefty2 form 

a feedback on the left LPM. The lefty 1 acts as the midline barrier to inhibit bleeding 
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of nodal signal to the right side of embryo. As for the pitx2, Yoshioka et al. (1998) 

uncovered that the mouse homolog of human pitx2 is a bicoid-type homeobox gene, 

which expresses asymmetrically in the left LPM and is involved in determination of 

L-R asymmetry in both mouse and chick. 

Mouse pitx2 has a left side-specific enhancer (ASE) that contains 3 binding sites 

for the transcription factor Fast. The Fast-binding sites function as Nodal-responsive 

elements and by which the asymmetrical expression of pitx2 is initiated indirectly. 

Subsequently the asymmetrical expression of pitx2 is maintained by the binding of 

Nkx2 to the Nkx2.5-binding site within the ASE (Shiratori et al.，2001). This control 

strategy may represent a general mechanism for gene regulation during development. 

3.1.3. Calcium ion and left-right patterning 

Asymmetrical distribution of free Ca^^ (intracellular Câ "̂ ) across the region 

surrounding embryo node had been described in the mouse (McGrath et al 2003), 

chick and zebrafish embryo respectively (Raya et al., 2004; Sarmah et al., 2005). In 

• 2+ all three species, the left-biased distribution of Ca at the region surrounding 

node/KV (Fig.3-4) is transient, but also precedes the normal left-sided expression of 

nodal in the lateral plate mesoderm (LPM). Strikingly, during the gastmlation of 

chick embryo, using the low-affinity, cell-impernieant indicators and the 

two-photon excitation microscopy Raya et al” (2004) unveiled that the distribution of 

extracellular Ca also appears a left bias pattern around the Hensen's node from 

HH4 to HH6 (HH, Hamburger Hamilton Stage, a standard system to describe the 

developmental stages of chick embryo). However, at HH8 the distribution of 

extracellular Ca^^ became symmetric. In zebrafish embryo, similar phenomenon had 
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2+ • 

also been observed. The transient of Ca from symmetric distribution to 

asymmetrical distribution surrounding the KV happens at 4-5 somite stage, thereafter 

is maintained until 12 somite stage (based on our observation, Sarmah et al., 2005; 

and Francescatto et al, 2010). The asymmetrical calcium ion signal surrounding 

node is require for the proper L-R patterning of embryos (Sarmah et al., 2005; Leung 

et al., 2008). Alike，the similarity indicates it is a conserved biological phenomenon. 

It needs to be noted that in experiments using mouse and zebrafish embryos the 

detected transient ion is free cytoplasmic Ca , however, in the chick embryos, it is 

2+ * • * extracellular Ca levels is evaluated. To date it is still unclear whether or no the two 

2+ • status of Ca are directly related, although the alteration of asymmetrical 

distribution of this two type 

free Ca^^ across the region surrounding embryo node 

results in consistent defects of L-R patterning in three embryo species. 

3.1.4. The laterality organ 

During the establishment of left-right axis of the vertebrate a key step is that 

the early asymmetry clues are transferred to the left LPM of embryos by the leftward 

nodal flows, which are generated by the laterality organ : ventral node in mouse 

embryos (N. Hirokawa et al 2006)，Kupffer's vesicle in zebrafish embryos (Essner，et 

al 2005), Hensen's node in chick embryos and gastrocoel roof plate in frog embryos 

(Qiu et al 2005). Current understanding of the node origin is obtained mainly from 

the observation to the KV development of zebrafish. The KV is a fluid-filled organ at 

the posterior end of the notochord at the early somite stages of teleosts (Essner et al., 

2005). Several reports suggested KV, the laterality organ of zebrafish, derives from a 
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surface epithelium in dorsal organizer domain (the Spemann organizer domain). 

Thereafter these surface epithelial cells undergo Nodal signaling-dependent 

ingression and immigrate at the ahead of dorsal organizer margin to form dorsal 

forerunner cells (DFCs) at 60% epiboly stage. So, DFCs represent a spatially distinct 

cellular domain that is part of the zebrafish organizer region. During early 

somitogenesis, DFCs coalesce into a single rosette that differentiates into the KV 

with a ciliated lumen at its apical centre (Essner et al.，2005; Oiu et al.，2005 and 

Oteiza et al.，2008). The origin of KV has been showed in Fig. 3-5. 

During the development of KV, DFCs are specified during the blastula period. 

While the T-box transcription factor no tail {ntT) and the Nodal signaling {oep) are 

necessary for the expression of L-Rdrl in DFCs and for DFCs organizing to form KV 

during early somitogenesis. But spt is only required for KV organogenesis but not for 

L-Rdrl expression in DFCs (Essner et al., 2005; Oteiza et al., 2008). 

3.1.5. The Spemann organizer region 

Spemann and Mangold firstly revealed that the organization of the vertebrate 

embryo depends on the activity of a dorsal regional named as the Spemann organizer 

(Spemann et al 1924). They defined the organizer activity as the ability to induce a 

secondary axis. The Spemann organizer regional have also been identified in other 

vertebrates. In teleosts, it is located at the dorsal gastrula margin and corresponds to 

the embryonic shield but much broader than the shield region (Fauny et al 2009). 

Recently, using the zebrafish model, Fauny et al., (2009) and Agathon et al., 

(2003) found that during zebrafish embryogenesis there are two organizing centers, 

the dorsal and tail organizers, located at the dorsal and ventral gastrula margins, 
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respectively (Fig. 3-6, picture a) The dorsal organier margin contributes to axial 

structures and the ventral organizer margin contributes to non-axial tissues. The 

formation of different parts (tissues or organs) of the embryo along the 

anteroposterior (A/P) axis is controlled by the ratio of marginal BMP to Nodal 

activity. The dorsal Spemann organizer is a source of growth factor antagonists that 

participate in the creation of signaling gradients. The expressing molecules of dorsal 

and ventral centers are under opposite transcriptional control. For example, BMP2 

and ADMP are expressed dorsally, while BMP4 and BMP7 are produced ventrally. 

The BMP antagonist Chording is secreted by dorsal Spemann's organizer, while 

another BMP antagonist Crossveinless-2 is produced in the ventral center. Similarly, 

in the dorsal side there is Crescent, while in the ventral center there is Sizzled (Pear 

et al., 2000; Ambrosia et aL, 2008). 

3.1.6 Signaling pathway involved in the L-R patterning of embryos 

Accumulating evidence uncovered that the L-R patterning of vertebrate embryos 

requires the function of Nodal signaling and Bmp signaling (Bisgrove et al., 1999; 

Campione et al. 1999; Essner et al. 2000; Faucourt et al.’ 2001; Rebagliati et al., 

1998a; Sampath et al., 1998). Bmp signaling acts as a 'right determinant'and Nodal 

signaling functions as a left determinant (Capdevila et al., 2000; Klingensmith 2000; 

Brennan et al., 2002). Between the two pathways there is a crosstalk, because 

involvement of Lefties in Bmp signaling has been proposed (Meno et al., 1997; 

Branford et al., 2000; Ulloa et al, 2001); although the significance of the crosstalk 

between Bmp and Lefty for L-R patterning remains unclear. 

In the process of L-R patterning of vertebrate embryos, perhaps much more 
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attention should be paid on the asymmetrical Ca signal, because studies in several 

vertebrate model organisms exclusively implicated a requirement for Ca� . signals in 

L-R asymmetry, which mediates the transfer and propagation of initial asymmetrical 

determination from upstream to LPM (Brennan et al., 2002; McGrath et al., 2003; 

Shimeld et a l 2 0 0 4 ; Raya et al., 2004; Hashimoto et al., 2004; Marques et al., 2004; 

Sarmah et al., 2005; Tanaka et al.，2005; Hirokawa et al.,2006; Schottenfeld et al., 

2007; Schneider et al., 2008). In fact, in wild-type zebrafish embryos, a transient flux 

of intracellular Câ "̂  in cells around KV is consistently greater on the left side than in 

those on the right side. Reports from two different labs consistently proposed that the 

disruption of the asymmetrical distribution of intracellular Ca by the elevation of 

intracellular Ca^^ level caused the concordant randomization of both molecular and 

anatomical asymmetries in zebrafish embryos (Sarmah et al., 2005; Leung et al., 

2005). 

Based on the above discussion and the calcium mobilization effect of 

UII/UIIR signaling system, we propose a hypothesis here: UII/UIIR signaling system 

mediates the laterality determination of the development embryos. In order to obtain 

some clues for the study on the zebrafish UII/UIIR system, we have analyzed the 

promoters of zebrafish Ulla and UIip. The results revealed that only the promoter of 

zebrafish UIip, no that of Ulla, embodies more different kinds of cw-elements than 

that of Ulla but also possesses a cis Smad4 binding element 

(GACAGACAGACAGACTGACAAA) between-2361 and -2339 and a 25 times 

repeated cis Smad3-Smad4 binding elements region (C AG AC AG AC AG AC A) 

between -1636 and -521 (Table. 3-2). In fact, previous studies have been shown that 

Bmp and Nodal commonly belong to the TGF-P (transforming growth factor-beta) 
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superfamily. Smad4 is a common transduction factor for both Bmp and 

Nodal/activin/TGF-p pathways. It acts as comediator to merge the two signaling 

pathway altogether and mediates the crosstalk between them at the downstream of 

their signaling transduction by modulating the translocation of transcriptional 

complexes into nuclei and activation of target genes. Instead, Smad3 only acts at the 

downstream of Nodal Nodal/activin/TGF-P pathway and is specific for Nodal 

signaling (Wu et al.，2002; Davis et aL, 2008; Kim et al., 2006; Inman et al, 2002; 

Chen et al., 2002; Zhou et al., 1998; Shioda et al., 1998; Kishigami et al.，2005). 

Smad5 is specific for Bmp signaling as suggested by in vitro biochemical analysis 

and Xenopus laevis explant assays (Massague et al., 1998). Chang et al (2000) 

demonstrated that smad5 mutant embryos have defects in heart looping and 

embryonic turning which are the first signs of L-R asymmetry in mice. Moreover, 

our further analysis also indicates that one to two cAMP responsive elements are 

contained in the promoters of zebrafish Ulla, bmp4, smad5, cyclops and spaw 

respectively. 

In the light of the effect on intracellular cAMP level from UII/UIIR system and 

based on the above analysis, we further refine the hypothesis: in zebrafish UIip 

mediates the earlier molecular events for initiating the L-R patterning of embryos by 

regulating Nodal signaling, Bmp signaling and Ca signal. 

Here we provide evidence that UIip is required for the establishment of L-R 

body plan of zebrafish embryos. This documents a role of UII/UIIR signaling 

pathway in asymmetry development of embryos which promises to reveal the 

molecular mechanisms responsible for human congenital heart diseases, especially 

those with heterotaxy. 
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3.2 Materials and methods 

3.2.1 Animals 

Zebrafish, Danio rerio, wildtype strain: AB and Tubingen; mutant line: 

tp53M214K, a p53(-/-) null zebrafish line. This Zebrafish lines harbors missense 

mutations in the tp53 DNA binding domain. Cells in the tp53M214K embryos failed 

to undergo apoptosis in response to radiation at both 28 and 37°C. Unlike wild-type 

control embryos, irradiated tp53M214K embryos also failed to up-regulate p21 and 

did not arrest at the G1_S checkpoint. Zebrafish were maintained at 28.5 °C in a 

recirculation aquaculture system of the fish facility. 

The detail for all solutions and buffer used in the experiments mainly come 

from this book: Westerfield, M. (2007) THE ZEBRAFISH BOOK, 5th Edition, 

University of Oregon Press, and this website: www.zfin.org. 

3.2.2 RNA overexpression 

A zebrafish UIIp overexpression construct was generated by RT-PCR using 

primers (see Table 2-1) and then subcloned into pCS2+ vector at Xhol/Xbal sites, 

respectively. Capped sense RNA was synthesized using the Mmessage or 

mMACHINE kit (Ambion). 

3.2.3 Microinjection of morpholino oligonucleotides (MO) and mRNA 

Two splicing MOs against two different splice sites of UIIp were designed and 

synthesized by Gene Tools, LLC, who finished the design and synthesis of these 

MOs according to Targeting Guidelines (http://www.gene-tools.com/node/18). The 

basic mechanism on how to block the splice of pre-mRNA and disrupt the translation 

64 

http://www.zfin.org
http://www.gene-tools.com/node/18


of UII has been show in Fig. 3-2. The MO sequences used were: 

MOl: 5'- GGCCTGAATGAGAAGTGGATGTTAA -3' 

M02: 5'- TGTCGCATTTAATCACTCACCTCTT-3' 

Control MO: 5'-CCTCTTACCTCAGTTACAATTTATA-3' 

The control MO is a standard control ordered from Gene Tools, LLC This oligo 

should have no target and no significant biological activity in zebrafish model and 

has been used extensively by researchers who use zebrafish as model to perform 

research. The oligos were dissolved in water as a 25 mg/ml stock solution and the 

RNA is dissolved in RNase free water, and then injected at different dosages (1-10 ng 

for MO, 10-200 pg for RNA) into 1- or 2-cell-stage embryos. Injected embryos were 

subsequently incubated in 0.3x Danieau's medium at 28.5 °C. Embryos were 

maintained in the above condition until they reached different developmental stages. 

3.2.4 RNA whole-mount in situ hybridization 

Details of the whole-mount in situ hybridization protocol and probes used in 

this study are given in the appendices and the table 2-1. All hybridization signals 

were detected via anti-digoxigenin-AP (Roche) and purple AP substrate (Promega). 

3.2.5 RT-PCR 

Total RNAs were prepared from different zebrafish adult organs or embryos 

at different developmental stages using Trizol reagent (Invitrogen), treated with 

RNase-free DNase I (Invitrogen) to avoid possible contamination from genomic 

DNA and then reverse transcribed using the ImProm-II Reverse Transcription 

System (Promega) and Random primers or Oligo dT primers. The cDNAs were then 
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subjected to PGR amplification using specific primers (see Table 2-1) using Expand 

High Fidelity Taq polymerase (Roche) or GOTaq (Promega) following the 

manufacturer's instructions. When possible, all primer pairs have been designed on 

different exons to avoid the amplification of genomic DNA contaminations present in 

the cDNA preparations. Control PGR experiments with samples prepared without 

reverse transcriptase was performed to ensure that genomic DNA contamination did 

not contribute to the PGR amplification. 

2+ 
3.2.6 Detection of intracellular Ca in zebrafish embryos 

2+ 

Ca green-dextran 10,000 MW (Molecular probeAnvitrogen) was used at 

0.05% (w/v) for microinjection into zebrafish embryos at 1 cell stage with an 

injection volume of about 0.5 nl. Embryos were incubated in 0.3 x Danieau's medium 

at 28.5 Fluorescent image at 500 ms exposure of the KV at 3 to 6-somite stage 

was documented using the Axioimager Z1 fluorescence microscope (Zeiss) and the 

intensity of images is measured using ImagePro+ software (Media Cybernetics). 

3.2.7 Image acquisition and analysis 

For general examination, GFP-positive embryos or larvae were viewed under an 

Axioimager Z1 fluorescence microscope (Zeiss), equipped with 5x，lOx and 20x 

objectives. Images of in situ hybridization results were taken under a Zeiss Stemi 

2000-C microscope or an Axioimager A1 microscope (Zeiss). 

3.2.8 Data analysis 

All data which is from 3 times independent trials were expressed as mean 
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values±S.E.M. Data were considered statistically significant at P<0.05 using either 

one-way analysis of variance (ANOVA) or unpaired t-test. The statistical analysis is 

performed using the software GraphPad PRISM Version 5.0. (GraphPad, San Diego， 

CA)(www.graphpadxom). 

3.3 Results 

3.3.1 Expression of UIip during zebrafish embryogenesis 

To detect the transcripts of zebrafish UIip during early embryonic development, 

we first analyzed UIip mRNA levels in 0 to 3 days post fertilization (dpf) embryos 

using RT-PCR. Initially, UIip mRNA showed a maternal deposition until 4hpf. At 

5hpf, these maternal transcripts became undetectable. Secondly the zygotic 

transcriptional activity of UIip firstly appears at approximately 60% epiboly stage 

(7hpf), thereafter, throughout the other stages of embryogenesis (Fig. 2-7 and Fig. 

3-8). To further investigate the tissue-specific expression pattern of UIip, RNA 

whole-mount in situ hybridization was performed. Consistent with the RT-PCR result, 

UIip mRNA was present in cleavage-stage embryos, indicating maternal deposition, 

and was ubiquitously distributed throughout the blastula stages of embryogenesis 

(Fig. 3-8). At approximately 10s, UIip expression prevails at the anterior LPM, but a 

faint signal might be observed at the posterior LPM. At 24 hpf, UIip expression 

domains converged into the brain, LPM and tail regions (Fig. 3-8). At 48 hpf，weak 

expression is detected in brain region. However in the tail region there is no distinct 

signal. Instead, in the veins wall of the heart region, UIip expression is significantly 

high. 
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3.3.2 Phenotypes of UIip morphants 

To investigate how zebraflsh UIIp may function in embryonic development, 

we performed UIip loss-of-fimction experiments by injecting cleavage-stage 

embryos of tp53M214K line with an antisense MO designed to block the pre-mRNA 

splicing. To confirm the sequence specificity of any observed defects, two MOs 

targeted against different regions of the zebmfish UIip prepro-mRNA were used (Fig. 

3-7). The morphants from the two MO-injected embryos are consistent, the heart 

looping of two type MO-injected embryos showed consistent defect and no distinct 

differences can be observed between the two types of morphants, therefore, for the 

sake of convenience, we only use MOl. The blocking effect is monitored by RT-PCR 

(Fig.3-9). Phenotypes of UIip morphants are showed in Fig. 3-10. 

3.3.2.1 UIIp knockdown perturbs the laterality of heart 

Stainier et al.，(1992) firstly reported the normal cardiac morphogenesis 

during zebmfish embryogenesis. At the 14-somite stage the ventral-derived cardiac 

precursors migrate toward the animal axis and form bilateral heart primordia on 

either side of the embryo，flanking the prechordal plate and notochord. At about 19 

hpf (the 20-somite stage) the bilateral heart tubes fiise to form a short cone-shape 

structure at the midline, which subsequently elongates in the anteroposterior 

direction. At 24 hpf, the prospective atrial end of the heart abruptly moves to the left 

with respect to the midline (Fig.3-1 la, red arrow). This process is termed as cardiac 

jogging. By 36 hpf the ventricle firstly bends rightward (the D-loop) and the atrium 

bends leftward, which is termed as the heart looping. As showed in Fig.3-1 la 

(Heart is labeled using NKX2.5), the cardiac jogging is randomized in 
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UIip-MO 1 -injected embryos, which display three-type cardiac jogging, 

rightward-jogging, no or reduced-jogging and leftward-jogging with 29.0%，49.5% 

and 21.5% frequency respectively). At 42 hpf, in contrast to the control, although the 

UIip MOl embryos appeared morphologically normal except for pericardial edema 

and slightly somite-fused tail (Fig.3-10). Closer examination showed alike 

randomization of heart laterality. As showed by cmlc2 marker in Fig. 3-1 la, at 42 hpf, 

in a population (n = 278) of embryos injected with 1.5 ng UIip MOl, 42.6% 

underwent the normal looping of heart tube (D-looping). Aberrant looping of the 

ventricle was observed in a significant portion of UIIp knockdown embryos, which 

exhibited either no looping or abnormal looping of the ventricle to the left 

(L-looping), in contrast to 97% of the control embryos that underwent normal 

D-looping. To further confirm that randomization of heart-looping was due to 

knockdown of zebrafish UIIp, we showed that the defect could be partially rescued 

by co-injection of UIIp MOl along with the zebrafish UIip mRNA (Fig.3-llb). 

Quantitative analysis showed that 69.5% of the rescued embryos displayed proper 

D-looping (Fig. 3-1 la), compared to 42.6% injected with UIip MOl alone. 

Collectively, these results indicate that zebrafish UIip mediates the process of cardiac 

looping. 

3.3.2.2 UIIp function is also essential for the establishment of normal visceral 

and diencephalic asymmetry 

In addition to the asymmetry defects in the heart that were caused by UIIp 

knockdown, we have further used in situ RNA hybridization to assess whether 

repression of UIip function also has affected on the asymmetric positioning of 
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visceral organs and brain. Because in normal zebrafish embryos between 20 and 36 

hpf the gut primordium begins to loop, with the liver bud positioning to the left of 

gut and the pancreatic bud occupying an asymmetric position on the right side of the 

gut (Fig. 3-12，cartoon). However, as showed in Fig. 3- 12 using the pan-endodermal 

marker foxA3, which marks the developing gut primordium, the liver and pancreatic 

buds (Home-Badovinac et al., 2003), we found that the visceral organs of majority 

UIip knockdown embryos fail to correct positioning. By contrast, the majority of 

UIIp knockdown embryos did not show the normal L-R asymmetrical distribution of 

the visceral organs. In these embryos (80.6%), their livers and pancreas were located 

at the midlines. 

Brain asymmetry was also assessed by marker lefty 1 (Thisse et al.，1999), 

which is normally expressed on the left side of the diencephalon at 22-24s. As the 

positioning defects of visceral organs and heart, UIIp MOl injection also rendered 

the randomization of lefty 1 expression in the diencephalon. 21.3% of UIip-MOl-

injected embryos did not show any detectable expression of lefty 1, 45.0% showed 

bilateral expression, 16.7% right expression and 16.9% left expression (Fig. 3-13) 

and Table 3-3). 

3.3.3 UIip knockdown randomizes asymmetrical expression of L-R genes 

Because the asymmetrical morphogenesis of organs is controlled directly by the 

Nodal cascade involving three TGF-b family member genes, nodal, leftyJl and lefty2’ 

and the home-box transcription factor gene pitx2 (Tabin et al., 1995). At 22-24 

somite stage, these genes asymmetrically express on the left LPM to specify LR 

identity of multi-cell field, further cause the asymmetrical morphogenesis. 
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To understand how UIip functions in the molecular cascade of asymmetrical 

morphogenesis, UIIp MOl embryos at 22-24 somite stage were examined for the 

expression patterns of spaw, lefty 1’ leftyl and pitx2 regarding their roles in L-R 

determination, lefty 1 are expressed in midline precursor and margin cells, which 

might act as a midline barrier (Thisse et al., 1999), this gene also express at the left 

side of diencephalon at 22-24 somite stage. As for lefty2, this gene is left-biased 

expressed on the heart primordia at this stage. While pitx2 is expressed in prechordal 

plate cells during late gastrulation and may function in morphogenesis at later stages 

(Essner et al., 2000). We found that the expression patterns of lefty 1’ lefty2 and pitx2 

in UIIp MOl embryos were randomized and all kinds of expression patterns can be 

observed, including left-sided, right-sided, bilateral, or absent expression pattern 

(Fig.3-13). The frequency of randomized expression is shown in the Table 3-3. In 

order to investigate whether the Nodal signaling pathway was affected by UIip 

knockdown, we further examined southpaw, the earliest asymmetrically expressed 

molecular marker in zebrafish. This gene is expressed in the left LPM preceding 

asymmetric lefty 1’ lefty2 or pitx2 expression. Our observation suggested that the 

nodal related gene spaw was also alike affected in UIip MOl embryos (Fig. 3-13 and 

Table 3-3), We conclude that UIIp knockdown perturbs early asymmetric expression 

of southpaw and that UIIp may function at the upstream of southpaw during 

establishment of L-R patterning of embryos. 

3.3.4 Midline tissues are not affected by function-loss of UIIp 

Previous observations have shown that heart and visceral asymmetries are 

dependent on intact midline, which may serve as a boundary or barrier to maintain 
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left and right domains (Midline tissues, including notochord, floor plate, and 

hypochord, are still normal in UIIp knockdown embryos as showed by the two 

markers ntl and shh (Fig.3-14) and in the UII(3 MO-injected embryos at 22-24 somite 

stage expression patterning of the two markers has no significant change in contrast 

to the control, which indicates that the role of UII|3 in L-R patterning of embryos is 

independent of midline development. 

3.3.5 The reducing of UIIp levels perturbs KV morphogenesis and stirs the 

asymmetrical distribution of intracellular Ca^ f̂lux around the KV region. 

In zebrafish, KV morphogenesis and organization and function of ciliated 

cells are essential for generating nodal flow to transfer upstream LR information to 

LPM and induce the asymmetrical expression of nodal cascade (Amack et al, 2004; 

Essner et al., 2005). Our observation on randomized expression of nodal cascade in 

LPM caused by reduced expression of UIIp promotes us to further check whether 

KV is affected by UIip knockdown. We compared the morphology of KV between 

UIIp MO 1-injected embryos and control embryos (Fig, 3-15a, b DIC picture). Some 

significant differences were observed, not only reduced KV size but also multi-KV 

indicating that repression of UIIp function affects KV morphogenesis. This raises the 

possibility that UII(3 function is required prior to the role of ciliated KV cells to 

transfer the asymmetrical signaling to the LPM. 

2 + • • 

In zebrafish embryo, the transient of Ca from symmetric distribution to 

asymmetrical distribution at periphery surrounding the KV occurs at 4-5 somite stage, 

thereafter is maintained until 12 somite stage (based on our observation, Sarmah et 

al., 2005; and Francescatto et al., 2010). The asymmetrical calcium ion signal 
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surrounding KV is require for the proper L-R patterning of embryos. Loss or 

elevation of asymmetric flux in cells surrounding the Kupffer's vesicle would result 

in the disruption of L-R patterning of embryos (Sarmah et al., 2005; Leung et al., 

2008). However, the mechanism on how the asymmetrical distribution of free 

intracellular calcium ions in peripheral cells of node relays and modulates upstream 

L-R information still is undefined so far. 

To investigate whether UIip function is required for the asymmetrical 

2+ 

distribution of Ca flux around KV, zebraflsh embryos were injected with the Ca 

green indicator at l-cell stage as described previously (Leung et al., 2008). Using 

fluorescence microscopy, we detected the evident abnormal distribution of free 

intracellular calcium ions in peripheral cells of small multi-KV domain in UIip MO 

knockdown embryos from 3s to 6s stage (Fig. 3-15b). Apparently the normal 
• 21 

distribution of Ca flux around KV is stirred by the abnormal multi-KV structure. 

3.3.6 UIip knockdown renders the defect of DFCs development 

KV derives from a cluster of non-involuting cells termed the DFCs, which 

migrate ahead of the dorsal boundary during gastrulation (Cooper et al, 1996; Melby 

et al., 1996). The phenotype of multi-KV of UIip morphant embryos promotes us 

further trace the progress of DFC development, ntl is the zebrafish homologue of the 

mouse T (Brachyury) gene. At 85% epibody, ntl is expressed in midline precursor 

cells, blastoderm boundary cells, and DFCs (Schulte-Merker et al., 1994). As aT box 

transcription factor, ntl functions in DFCs to regulate KV morphogenesis and L-R 

determination. We visualized the DFC morphology at 80% epiboly stage embryos by 

using RNA in situ analysis of ntl. In the control embryos, DFCs form a single, 
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compact DFC cluster (Fig. 3-16); but in UIip morphant embryos the morphological 

defect of DFCs can be observed (Bl，B2 and B3 in Fig. 3-16)，the morphant embryos 

displays significantly smaller but multiple DFC clusters, which disperse at the ahead 

of dorsal organizer margin (B1-B3, arrow in Fig. 3-16). The fact that the early DFC 

marker ntl still normal expression at the DFC region implies that UIIp 

down-regulation does not disrupt the specification of the DFCs. However the smaller 

but multiple DFC clusters suggests that either the migration or converging of DFC 

cells might be perturbed, or there were ectopic nodal signaling that is responsible for the 

initial specification of DFC identity. 

In fact the phenotype is similar with the Li-treated embryos. The noninvoluting, 

highly endocytic marginal (NEM) cells, the precursor of DFCs, in Li-treated 

embryos form multiple clusters arranged in widely separated domains (Stachel et al. 

1993; Klein et al., 1996). Li is currently thought to exert its hyperdorsalizing effects 

on vertebrate embryos by repressing GSK-3's inhibitory on p-catenin. 

Interesting, using different experimental method Schneider et al , (2008) 

observed that treating embryos at 60% epiboly stage with thapsigargin, a membrane 

2"f" * * * * 2+ • permeable Ca -ATPase inhibitor that prevents the pumping of Ca back into the 

endoplasmic reticulum, causing the transient cytoplasmic Ca^^elevation but 

• • • . 2+ * • ultimately rendering depletion of internal Ca stores, results in the suppression of 

the DFC-regional Ca release. Consequently, migrating DFCs in 

thapsigargin-treated embryos show a dispersal pattern of individual cells, but this 

only occurs during somite stages and during early epiboly, DFC migration in 

thapsigargin-treated embryos is same as in the control. Instead, the morphological 
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defect of DFCs in UIip morphant embryos has occurred during epiboly. Whether is 

there a common mechanism underlying the three observations from different 

experiment treatments? It is worthy of paying more attention. Schneider et al., (2008) 

thought the un-coalescence of DFCs at later stage of KV development might result 

from that the suppression of the DFC-regional Ca release increases the stability 

/activity of p-catenin. 

3.3.7. UIip knockdown disrupts the correct orientation of L-R axis by altering 

Bmp signaling and then expanding dorsal Spemann organizer. 

A series of observations from different model organisms strongly buttress that 

Bmp signaling plays a vital role in L-R patterning during vertebrate embryogenesis 

(Bisgrove et al. 1999; Campione et al. 1999; Essner et al. 2000; Faucourt et al. 2001; 

Rebagliati et a l 1998a; Sampath et al. 1998; Capdevila et al., 2000; Klingensmith 

2000; Brennan et al., 2002; Meno et al., 1997; Branford et al” 2000; Ulloa et al., 

2001; Chocron et al., 2007). Chocron et al., (2007) firstly unraveled that there are 

two distinct phases during LR patterning of zebrafish embryos in which BMP 

signaling is required. During early segmentation by inducing lefty 1 expression to 

repress southpaw expression in the right LPM, BMP signaling modulates both 

visceral and heart laterality and during late segmentation, BMP ligand left-biased 

expresses in heart field and LPM, functions at downstream of spaw to regulate 

left-sided gene expression and heart laterality. In addition, they found it is Bmp4 

ligand to be responsible for both phases of BMP signaling. However, whether is 

there a much more earlier phase before the segmentation period in which BMP4 

exerts its effect on the L-R patterning of zebrafish embryos? In fact, reports from 
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Ellertsdottir et al., (2006) and Adams et al., (2006) had indicated that some early 

molecular events involving into the L-R patterning of embryos have occurred at least 

before zebrafish segmengenesis. Moreover, during gastrulation bmp4 transcripts 

have presented and show a gradient distribution along ventral to dorsal axis. So, it is 

reasonable to hypothesize there is an earlier phase during gastrulation at which bmp4 

functions to affect the establishment of L-R axis. 

In fact our observations demonstrated the existing of earlier phase at which 

bmp4 expression regulates the LR patterning of embryos. Using RNA in situ 

hybridization we evaluated the expression pattern of bmp4 in three sequential phases. 

At late segmentation stages (from 22ss to 24ss), the asymmetrical distribution of 

bmp4 transcripts have been altered by reduced UIip levels. The UIip morphant 

embryos show a down-regulation of bmp4 expression in the left side of heart field 

and LPM (Fig.3-17), In consequence, bmp4 expression became even and weaker in 

the cardiac field and LPM (B, from 22s to 24s stage; E, 24hpf). Further, statistics 

analysis implied that at 22 somite stage, 88.0% of control embryos displayed the 

asymmetrical distribution of bmp4 mRNAs on the cardiac field and LPM. In 

comparison, only 38.1% of UIip morphant embryos appear this pattern and the rest 

of which exhibits even distribution of bmp4 transcripts on the heart field and LPM 

(Fig. 3-17). At 24hpf the difference of bmp4 expression pattern between the controls 

(Fig. 3-17,E) and UIip morphant embryos became much more distinct (Fig. 3-17, F). 

At the early segmentation stage (10 somite stage) the bmp4 expression in 

tailbud and periphery of KV is also significantly down-regulated by UIip knockdown 

(Fig.3-18 boxed area). On the contrary, it is striking that bmp4 transcripts are 

76 



up-regulated by UIIp knockdown in the polster region of Ulip-knockdown embryos 

(Fig. 3-18). 

The vertebrate body plan develops along three geometric axes: 

anterior-posterior, dorsal-ventral, and left-right. By diminishing dorsal-anterior 

development of embryos, Danos et al., (1995) evidenced L-R asymmetries are not 

random with respect to the dorsal-ventral and anterior-posterior axes, but there is a 

linkage of left-right and dorsal-anterior development; alteration in dorsal-anterior 

development perturbs the left-right orientation of heart looping. Current, a widely 

accepted model of dorsoventral patterning postulates that during gastrulation a BMP 

activity gradient patterns cell fates along the dorsoventral axis, which involving 

p-catenin, members of BMP family，and BMP antagonists. The dorsal Spemaiin 

organizer is a source of growth factor antagonists that take part in the establishment 

of signaling gradients and its genes are induced by low BMP levels (Heather et al., 

2007; Pear et al., 2000; Ambrosia et al., 2008). Observations from zebrafish suggest 

that the BMPs are required for dorsoventral patterning during gastrulation. During 

zebrafish gastrulation, three bmp genes are expressed, bmp4, bmp2b, and bmp7, all 

of which show a degressive gradient distribution from ventral to dorsal; Heather et 

al., (2007) demonstrated that BMP4 is required during the later gastrulation for the 

specification of ventroposterior cell fates. Our work suggests that reduced gradient 

distribution of bmp4 along ventral-to-dorsal axis in UIIp morphant embryos results 

in the dorsalization of embryos (Fig.3-19 and Fig.3-20). The dorsalization marker 

gsc is significantly up-regulated in UIip morphant embryos and the territory of dorsal 

Spemann organizer is distinctly enlarged to the ventral side as exhibited through 

organizer markers flh (Fig.3-20). It is worthy of noting that the BMP antagonist gene， 
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chordin, not only appears significantly up-regulated expression in dorsal Spemrma 

organizer region and margin along dorsal-ventral axis in UIip morphant embryos but 

also shows ectopic expression in the DFCs domain. 

In addition affecting the L-R positioning of ventral organs, the dorsalization 

of embryos would also render function-loss impact on them. For example, using 

RT-PCR we evaluated the myocardial development. Results unravel that for 24hpf 

and 48hpf embryos, myocardial marker cmlc2 and atrial marker amhc were 

down-regulated by the UIip knockdown, although ventricular marker vmhc had no 

distinct change. It appears that myocardium development suffered from some impact 

from the dorsalization which is induced by UIip knockdown (Fig. 3-21) 

Recently an important evidence of involvement of Bmp signaling in 

mammals came from the study of smad5 mutant embryos (Chang et al., 2000). The 

smad5 mutants have defects in heart-looping. The null of smad5 not only severely 

reduced lefty 1 expression, but also caused the abnormal bilateral expression of nodal, 

lefty2 and pitx2. However, in zebrafish, to answer whether smad5 is implicated into 

the L-R body plan, we further evaluated the zebrafish smad5 expression in the UIip 

MO embryos at 10 somite and 24hpf stage. Results showed that in contrast with the 

control, smad5 expression in UIip morphant embryos does not show any obvious 

deference (Fig. 3-18). 

3.3.6 Overexpression of UIip also disturbs the normal L-R asymmetry 

Using wild type fish line Tubingen at the 1 -cell stage we injected the full-length 

mRNAs of UIip into zebrafish embryos. It is interesting that overexpression of UIip 

(150 pg mRNA) causes a similar L-R patterning defect as what caused by UIip 
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knockdown embryos (Fig. 3-22). Compared to MO effects on the L-R patterning of 

embryos, overexpression of UIIp induced lower proportions (39.2%) of embryos 

with abnormal heart looping at 48 hpf (Fig. 3-22). This suggests that the level of 

UIip ligand is also critical for maintaining the natural balance of L-R patterning: 

either too much or too little of UIip will stir the signal balance and result in 

misorganization of L-R axis patterning in zebrafish embryos. 

3.3.7 Overexpression of UIIp perturbs the L-R patterning of embryos by 

altering Bmp signaling 

Both overexpression and knockdown of UIIp seem to adopt similar strategies 

to regulate asymmetrical development of embryos, for example, the way to change 

Bmp signaling is similar (Fig. 3-23. A), In contrast to the controls, at 22s the hmp4 

expression in heart field and LPM of UIIp morphant embryos not only becomes 

symmetric but is also upregulated in the overexpression embryos. While at 10s the 

expression pattern of bmp4 has a distinct variation: up-regulated in polster regions， 

instead, in tail region surrounding KV, bmp4 is down-regulated. As for smad5’ the 

change of its expression pattern caused by overexpression of UIIp is the same as that 

of UIIp knockdown: smad5 expression has no significantly change at 10 somite stage 

and 24 hpf. (Fig.3-23. B). 

3.4. Discussion 

Although UIIp knockdown and overexpression of UIip have completely 

opposite effect on the UIIp level, they all disrupt the L-R patterning of embryos, 

which perhaps suggests that the level of UIIp peptides is also critical for maintaining 
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the natural balance of LR patterning either too much or too little of UIIp will break 

the signal balance and result in misorganization of LR axis patterning in zebrafish 

embryos. 

MOs and siRNAs have been extensive adopted by researchers to induce 

sequence-specific gene knockdown in multiple systems. However, the application of 

both technologies is sometimes limited by induction of off-target effects (Ekker et al., 

2001 ； Scacheri et al. 2004; Lin et al. 2005; Jackson et al. 2003; Fedorov et al. 2006). 

Approximately 15-20% of MOs used in zebrafish show off-targeting effects 

(Ekker et al., 2001), the off-target effects, which are represented by a neural death. 

The phenotype includes smaller heads and eyes, somite and notochord abnormalities, 

and eventually craniofacial defects. These MO-induced developmental defects are 

mediated by p53 upregulation at the transcriptional level in siRNA- and MO-treated 

vertebrate and target-independent because they fail to be reproduced by mutants in 

the respective genes. 

Moreover, concurrent p53 knockdown provides a new approach to facilitate 

the identification of previously veiled gene functions by p53 activation. 

.In this study, when initial performing the UIIp knockdown experiment we use 

the wild type zebrafish line AB or Tubingen to inject UIip MO into their one-cell 

embryos. Embryos presented a consistent phenotype with doses 1.5 ng MO/embryo 

(Fig.3-24), however, the phenotypes of UIip morphants is similar wifli the gaieral 

morphological features of MO-induced off-targeting neural death previously 

described. We characterized these defects using a series of neural marker such as 

ngn-1, pax2a, crestin, rx3, egr2b, barhU and mab21l2 (Fig.3-25). Morever we 

further found that these defects failed to be rescued. Instead, it is not the case in the 
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UIip MO tp53M214K embryos. There are distinct different phenotypes between 

UIip MO-injected tp53M214K embryos (B in Fig.3-10). with UIip MO-injected 

wild-type embryo (A, B, and C in Fig.3-24) In the UIip MO tp53M214K embryos, 

no the neural death phenotypes, such as smaller heads and eyes, exhibit somite and 

notochord abnormalities, and eventually display craniofacial defects, were observed 

and we only found the pericardial edema and abnormal heart looping. Foremore, 

these defects may be successfully rescued. 

Based on above information and reports (Robu et al., 2007) we think that when 

using the wild-type fish line to injecting the MO the phenotypes of UIip MO embryo 

are an off-targeting effect mediated through p53 activation by MO knockdown. In 

order to delete the off-targeting effect，we use the tp53M214K mutant line which is a 

p53(-/-) null zebrafish line. This zebrafish line harbors missense mutations in the 

tp53 DNA binding domain. Cells in the tp53M214K embryos failed to undergo 

apoptosis in response to radiation at both 28°C and 37°C. Unlike wild-type control 

embryos, irradiated tp53M214K embryos also failed to up-regulate p21 and did not 

arrest at the G1_S checkpoint. The mutant zebrafish lines provide a unique platform 

for deleting the off-target effect of some MO when injected into wild type embryos. 
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Fig.3-1. an overview of the determination of L-R axis of the vertebrate embryo 
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Fig.3-1. an overview of the determination of L-R axis of the vertebrate embryo. 

(a) In early embryogenesis, an embiyo that is aL-Ready patterned along the 

anterior—posterior and dorsal-ventral axes is bilaterally symmetrical, (b) A 

symmetry-breaking step generates initial L-R information, although the nature of this event 

is unknown, (c) The initial L-R information is then transferred to the embryo node (shown as 

a blue circle), (d) The node generates a directional output in the form of a discrete perinodal 

domain of nodal expression and/or lateralized hedgehog signaling, which results in local L-R 

asymmetries (shown as dark-blue shading), (e) These local asymmetries around the node are 

conveyed to the LPM in the form of side-specific nodal expression, (f) Broad domains of 

expression of left- and right-side specific genes (yellow and red, respectively) are then 

established, transferring laterality information to the organ primordia (a structure that 

represents a single primordium is shown in g), which, in turn, execute L-R asymmetrical 

morphogenetic programmers (illustrated as the directional looping of the organ primordium 

in h). A, anterior; P，posterior; D，dorsal; V，ventral; L, left; R, right. The figure is cited from 

Raya et al (2006). 
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Fig.3-2. ion transporters / ion flux model. 

This model is based on the observations about chicken, frog embryo. Depending on the 

cytoskeleton, the ion transporters, for example, the H+/K+-ATPase, are asymmetric localized 

on the right side of ventral midline. While symmetrical Kir4.1 presence in the ventral midline 

cells provides the controlled exit of excess K+ ions brought in by the H+/K+-ATPase on the 

right side. This allows the right cells to establish a pH and a membrane voltage that is different 

than that on the left side. Further the voltage gradient is transferred to some asymmetrical 

information, for instance, by the voltage-gated calcium channels, is translated into the calcium 

ion pulses or signaling to mediate the downstream asymmetric gene expression (Modified 

from Sherry et al” 2008 and Adams et al, 2006). 
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Fig. 3-3a. the ventral node of mouse embryo. 

(A) A scanning electron micrograph shows the ventral view of a 7.5 dpc mouse embryo. VN, 

ventral node; NP, notochordal plate; FQ foregut; Bar, 100 \im. (B) Scanning electron 

micrographs of the mouse ventral node in lower (upper panel) and higher (lower panels) 

magnification are shown. The surface is normally ciliated in wild-type (arrows, lower left 

panel), whereas the nodal cilia were absent in KiJSb ‘ embryos (lower right panel). Bars, 20 

in upper panel, 5 ̂ un in the lower panels. These figures are modified from 
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Fig, 3-3b. the mechanism of generation of leftward nodal flow. 
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Fig, 3-3b. the mechanism of generation of leftward nodal flow. 

(A) The trajectory of the tips of nodal cilia (red circles on the white ellipse) is shifted toward the 

posterior when compared to the root of the cilia (yellow circles). (B) A scanning electron micrograph 

of ciliated cells of the ventral node of a rabbit embryo (at the presomite stage) is shown. The root of a 

cilium is most frequently found toward the posterior of a cell. The dome-like curvature of the apical 

plasma membrane helps explain the posterior tilt of the cilia. Bar, 5 |im. (C) A hydrodynamic 

mechanism generates leftward flow. Due to a gradient of shear resistance, a cilium cannot efficiently 

drive the extraembryonic fluid when it makes a rightward movement in the proximity of the surface. 

(D) The spherical KV (arrow) forms in the tailbud during early somite stages in wild-type embryos. 

Ventral view, anterior to the top. (E) Confocal images of cilia (red) labeled by fluorescent 

anti-acetylated tubulin immunohistochemistry. Cilia were organized within KV in wild-type embryos. 

Figures A-C from Hirokawa et al., (2006).Figure D and E modified from .Amack et al., (2004). 
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Fig. 3-3c. The nodal flow model. 
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Fig. 3-3c. The nodal flow model. 

The nodal flow model shows that the rotation of the cilia lined on the ventral side cell of node 

produces a leftward flow of extracellular fluid that takes place in the nodal pit, which is 

called the nodal flow. The upstream asymmetrical information, such as nodal, shh and ion 

calcium, is transported to the left lateral mesoderm by nodal flow to induce the cascade of 

asymmetrical signaling (Note: as for the detail of this signal cascade, please refer to the 

section: 3.1.2 the asymmetryical genes), which assigns the left-right identity of embryo and 

further and initiates the asymmetrical morphorgenesis. 

Table 3-1. Genes reported to be expressed L-R asymmetrically 
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Gene Role Species Expression Reference 

Nodal TGFP signal (Nodal) Chick LeftN, leftLPM (Levin et al ,[1995]) 

Nodal TGFP signal (Nodal) Mouse Left N，left LPM (Collignon et al，[1996]，Lowe et al ,[1996]) 

Xnrl TGFP signal (Nodal) Xenopus Left LPM (Lustig et al ,[1996]) 

cyclops TGFP signal (Nodal) Zebrafish Left LPM (Sampath et al ,[1998]) 

southpaw TGFP signal (Nodal) Zebrafish LeftLPM (Long etal ,[2003]) 

Leftyl TGFP signal (divergent) Mouse LeftPFP (Meno et a! ,[1996]) 

Lefty2 TGFP signal (divergent) Mouse LeftLPM (Meno et al ,[1998]) 

Leftyl TGFP signal (divergent) Chick Left LPM, PFP (Rodnguez-Esteban et al ,[1999]) 

lefty TGFP signal (divergent) Xenopus Left LPM (Cheng et al，[2000]) 

Bmp-4 TGFP signal (BMP) Zebrafish Left heart (Chen et al ,[1997]) 

CFC TGFP co-receptor Chick LeftN, left LPM (Schlange et al ,[2001]) 

Caronte TGFP antagonist Chick Left LPM (Rodnguez-Esteban et al ,[1999], Yokouchi et 

al ,[1999],Zhu etal ,[1999]) 

Shh HH signal Chick LeftN (Levin et al ,[1995]) 

cPTC HH receptor Chick LeftN (Pagan-Westphal and Tabm,[1998]) 

Dill Notch signal Chick LeftN (Raya etal ,[2004]) 

Lfiig Notch modulator Chick LeftN (Raya et al，[2004]) 

eHAND Transcription factor Chick Left heart (Srivastavaetal ,[1995]) 

eHAND Transcription factor Mouse Left heart (Snvastavaetal ,[1995]) 

eHAND Transcription factor Xenopus Left heart (Sparrowetal ,[1998]) 

FoxA2 Transcription factor Chick Left LPM (Levm et al ,[1995]) 

HoxC-8 Transcription factor Xenopus LeftLPM (Thickett and Morgan,[2002]) 

lslet-1 Transcription factor Chick Left gut (Yuan and Schoenwolf，[2000]) 

NKX3 2 Transcription factor Chick LeftLPM (Schneider et al ,[1999]) 

Pitx2 Transcription factor Chick LeftLPM (Logan et al，[1998]，Piedra et al ,[1998], Ryan 

et al ,[1998], StAmand et al ,[1998], Yoshioka et 

al ,[1998]) 

Pitx2 Transcription factor Mouse LeftLPM (Piedra et al ,[1998], Ryan et al ,[1998], 

Yoshioka etal ,[1998]) 

Pitx2 Transcription factor Xenopus LeftLPM (Ryan et al ,[1998]) 

Pitx2 Transcription factor Zebrafish Left LPM (Campione et al ,[1999]) 

LPluncl Lipid binding protein Mouse LeftN (Hou et al ,[2004]) 

FlecUn Extracellular matrix Mouse Left heart (Tsuda etal ,[1998]) 

cAct'RIIa TGFP receptor Chick Right N (Levm et al ,[1995]) 

BMP-4 TGFP signal (BMP) Chick Right N (Monsoro-Burq and Le Douann,[2000]) 
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Dante TGfP antagonist Mouse Right N (Pearce et al ,[1999]) 

cWnt-SC WNT signal Chick Right N (Pagan-Westphal and Tabm,[1998]) 

FGF-8 FGF signal Chick Right N (Boettgeretal,[1999]) 

FGF-18 FGF signal Chick Right N (Ohuchi et al，[2000]) 

cSnR Transcription factor Chick Right LPM (Isaac et al ,[1997]) 

dHAND Transcription factor Chick Right heart (Snvastava et al ,[1995]) 

dHAND Transcription factor Mouse Right heart (Snvastava et al ,[1995]) 

dHAND Transcnption factor Xenopus Right heart (Angelo et al ,[2000]) 

dHAND Transcription factor Zebrafish Right heart {Angelo et al，[2000]) 

NKX3 2 Transcnption factor Mouse Right LPM (Schneider etal ,[1999]) 

Pcl2 Transcription factor Chick Right N (Wang et al ,[2004]) 

N, node; LPM, lateral plate mesoderm; PFP, prospective floor plate 

This table 3-1 is cited from Raya et al., (2008) 
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Fig. 3-4. L-R asymmetries in Ca2+ levels at the embryo node. 
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Fig. 3-4. L-R asymmetries in Ca2+ levels at the embryo node. 

A: the left-sided accumulation of free cytoplasmic Ca2+ (intracellular Ca2+) at KV during zebrafisfe 

early somite stages (5s-8s). Embryos were injected at the 1 cell stage with mRNA encoding 

flash-pericam 伸)，which is a Câ ^ indicator protein, a chimeric derivative of circularly permuted 

green fluorescent protein and calmodulin. It exhibits increased fluorescence emission with increasing 

cytosolic Ca2+ levels (Nagai et al., 2001). Câ ^ patterns at 5-8 SS were imaged by epi-fluorescence 

microscopy, and images were converted to an intensity scale (red indicating high intensity; 

yellow/green, moderate; blue/black, low). This figure modyfied from Sarmah et al., (2005). 

B: calcium signaling at the node of e7.75 mouse embryos. This embryos show FIuo3 fluorescence at 

left margin of the node. The nodes ranged in width from 25 ^m. Embiyos are incubated with the 

cell-permeable calcium indicator Fluo3 and imaged by scanning confocal laser microscopy. Images 

are converted to an intensity scale. Red, high intensity; yellow/green, moderate intensity; blue/black, 

low intensity. This figure modyfied from McGrath et al (2003). 

C and D: the asymmetric Ca� . distribution during chick gastnilation was visualized with a 

cell-impermeant version of the Câ "̂  indicator Calcium Green-5N. Asymmetric localized domains of 

Ca2+ (arrows) appeared on the left side of Hensen's node during HH4-HH6 and became symmetric at 

HH8. Two-photon excitation microscopy images of two representative experiments using chick 

embryos at HH5 and HH6 are shown. Embryo views are ventral, anterior is to the top. Ovals mark the 

position of Hensen's node. Grey levels representing fluorescence intensities have been 

pseudo-coloured with a purple (low intensity), yellow (moderate intensity) to white (high intensity) 

scale. This figure modyfied from Raya et al.，(2004). L, left; R, right; nc, notochord; A, anterior; P, 

posterior 
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Fig. 3-5a The origin of KV during early zebrafish gastrulation. 
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Fig. 3-5a The origin of KV during early zebrafish gastrulation. 

The cellular dynamics process taks place in the DMZ between 50 and 60% epiboly. (A) NEM cells are 

located superficially in the DMZ. The NEM cells (green) are composed of both EVL cells and 1-2 

layers of underlying deep cells. The most marginal cells in the NEM cell cluster are in contact with 

the YSL. (B) Deep cells lying underneath the NEM cell cluster (red cells) in the DIMZ turn inward 

(i.e., involute) as gastrulation is initiated. Cells that are in close contact with the dorsal YSL (orange 

cells) are the first deep cells in the DIMZ to undergo a loss of coherence and begin moving toward the 

animal pole. (C) As involution continues in the DIMZ, cells in the nascent hypoblast (orange and red) 

move toward the animal pole. (D) A stylized view of the major cell movements occurring within the 

DMZ during early gastrulation. The NEM cell cluster remains in its superficial location and is 

displaced vegetally with the YSL as the syncytium undergoes epiboly. The site of EVL-YSL contact 

demarcates the YSL into two regions, known as the external YSL (E-YSL) and internal YSL (I-YSL), 

which are located external and internal to the EVL-YSL border, respectively (Trinkaus et al., 1993). 

(E) At 60% epiboly, deep cells of the NEM cell cluster become the forerunner cells, which lie at the 

leading edge of the blastoderm. At this developmental stage, the EVL cells of the original NEM cell 

cluster (EVL—NEM cells) lie directly above the forerunner cells. Once segregated, forerunner cells do 

not intercalate with other cell types in the DMZ. This picture comes from D'Amico LA et al., (1997). 

Abbreviations: DIMZ, dorsal involuting marginal zone; DMZ, dorsal marginal zone; ERM, 

embryonic rearing medium; EVL, enveloping layer; NEM cells, noninvoluting endocytic marginal 

cells; YSL, yolk syncytial layer. 
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Fig. 3-5b. Lumen and cilia formation in Kupffer's vesicle. 
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Fig. 3-5b. Lumen and cilia formation in Kupffer's vesicle. 

(A-C)Images of a time-lapse multi-photon confocal movie of a zebrafish embryo expressing 

Tg(^-actin:HRAS-EGFP;soxl 7:GFP). Single focal planes at the interior of the DFC cluster are shown 

at the bud stage and subsequent time points, as indicated. Anterior is to the top. At the bud stage, 

bottle-shaped DFCs are arranged around two focal points (A, arrowheads). Shortly after, these focal 

points have coalesced into a single focal point (B, arrowhead) from which a single lumen forms (C). 

(D-I) Confocal images of Tg(soxl 7: GF/^-expressing embryos immimolabelled with an anti-ZO-1 

antibody(ZO-l: tight-junction protein 1). GFP，green; anti-ZO-1, red. Single focal planes at the 

interior of the DFC cluster (D-F) and 3D renderings of the anti-ZO-1 labelling (G-I) are shown. 

Arrowheads mark equivalent structures in single focal planes and renderings. At the bud stage, 

multiple, widely spread ZO-l-rich accumulations are found in the interior of the DFC cluster (D,G). 

At the 1-somite stage, ZO-1 clusters are more connected and condensed, and small lumina are 

observed (E,H). At the 2-somite stage, a single, large lumen delineated by ZO-1 is observed inside the 

cluster (F，I). (J-O) Confocal images of Tgfsoxl 7:GFP)-expTQssmg embiyos (green) double labelled 

with anti-ZO-1 (blue) and anti-acetylated a-tubulin (red) antibodies. Single focal planes are shown for 

merged (J-L) and single (M-0) channels. At the 1 -somite stage, DFCs are positioned around multiple 

small lumina delineated by ZO-1, in which short, tubulin-rich cilia are observed (J,M). Between the 2-

and 4-somite stages, a single, expanding lumen is observed (K,L), which contains cilia that are 

increasing in length (N,0). Scale bars: 30 ^m. This picture comes from Oteiza et al., (2008). 
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Fig. 3-6. The dorsal and ventral organizer dormains of zebrafish embryo. 
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Fig. 3-6. The dorsal and ventral organizer dormains of zebrafish embryo. 

a, b, position and movement of ventral (red) and dorsal (blue) marginal cells at the shield 

stage (a), at the end of gastrulation (b) and at 24Uh after fertilization (c). The dorsal margin 

(dorsal organizer) contributes to axial structures (blue); ventral margin (dorsal organizer) to 

non-axial tissues (red), d, e, labelling of parts of the tail at 24nh after fertilization. Axial 

parts are labelled by shh and CA2-IX (d); non-axial by evel (e). cn, chordo-neural hinge; fp, 

floor plate; h, hypochord; n, notochord. (A) Dorsal (red) and ventral (green) marginal grafts 

of the early gastrula embiyo. (B) Transplantation from the dorsal to ventral margin organizes 

secondary head and trunk. (C) A graft of the ventral margin at the animal pole results in the 

formation of a secondary tail, but no containing axis, ap, animal pole; v, ventral; d, dorsal. B, 

C，lateral view, anterior to the left, dorsal to the top; A, lateral view, anterior to the top and 

dorsal to the right (Modified from Agathon et al, 2003 and Fauny et al.，2009). 
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Table 3-2. Prediction of possible functional c/s-elements CRE and Smad BE. 

Gene 

name 

Type of cis 

element 
Position Sequence 

URP 
CRE -459 to -470 TCTGACGTCATC 

Smad4 BS no 

Smad3-Smad4 BE no 

Ulla 
CRE -3293 to -3286 TGACATCA 

Smad4 BS no 

Smad3-Smad4 BE no 

卿 

CRE no 

Smad4 BS -2361 to -2339 GACAGACAGACAGACTGACAAA 

Smad3-Smad4 BE -1636 to -521 CAGACAGACAGACA� 

bmp4 
-2739 to - 2732 TGACGTCA 

CRE -4032 to - 4025 TGACATCA 

spaw CRE 2568 to - 2561 TTACGTCA 

cyclops 
•1413 to-1404 GTGAGTTCAT 

CRE 207 to-200 TGACGTCA 

smadS 
•1052 to-1045 TGACGTCA 

CRE -282 丨 to-2814 TGATGTCA 

smad4 CRE 

Note: Search parameters: Expected mean number: 0.0100000; Statistical Siginicance Level: 
0.9500000; Level of homology between known regulatory element/consensus and motif: 80%; 
Variation of Distance between regulatory element/consensus Blocks: 20%; (1): from -1636 
to -521, this sequence or extremely similar sequence is repeated 25 times. 
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Normal PGR products 473bp 

5.93K 

Intron 3-4 (84n:) 

125T 126nt 44nt\ 269nt 

/ M02 * 

Exon 3 deleted 

atattaacatccacttctcattcagGCCTTGCTGGAAA 

Intron 3~4 (84nt) inserted 

Fig. 3-7. Schematic of the strategy to block the pre-mRNA splicing by MO. 

MOl blocks the intron3-4-exon4 splice junction, which will result in the insertion of 

intron3-4 into the mRNA and generate a new stop codon in the interior of ORF. M 0 2 

blocks the exon3-intron3-4 splice junction, which will cause the deletion of exonS. 

Red arrows represent primers used in the RT-PCR to tell the efficiency of 

splice-blocking MO. 
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Fig. 3-8. Spatial and temporary expression of UIIp during early embryonic 

development. 

A: 1 cell (0 - 0.75 hpf), animoral pole to the top, lateral view; B: sphere (4hpf), animal pole 

to the top, lateral view; C: 10 somites (14hpf), anterial to the left, lateral view; D: Prim-5 (24 

hpf), anterior to the left, lateral view; E: Long-pec (48 hpf), anterior to the left, lateral view; 

F: Long-pec (48 hpf); ventral view, anterior to the top. Panel I : RNA in situ hybridizations 

of whole embryo using the anti-sense RNA probe; Panel II: Control for the RNA in situ 

hybridizations of whole embryo using the sense RNA probe. This picture shows the 

expression of UIIp during zebrafish embryogenesis. Note: hpf: hours post fertilization. 
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RT-PCR evaluation of M O l blocking the 
splicing of pre-mRNA of UIIP 

MO Marker 

Fig. 3-9. Validation of MOl (knockdown by splice-blocking). 

RT-PCR was performed on wild-type embryos and embryos injected with 1.5 ng of the MOl, 

The MOl efficiently blocks UHp mRNA splicing by intron 3-4 insertion into the U n p 

mRNA. Bands of 473 bp and 557bp (473 bp +84bp) represent wildtype and intron 

3-4-inserted mRNA, respectively. 
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Fig. 3-10 UIIp morphant phenotypes. Lateral views at 42 hpf. 

A: Control-MO-injected embryos; B: UIip-MO-injected embiyos. The UIIp-MOl-injected 

embryos appeared morphologically normal except for distinctly pericardial edema (red 

rrowheads) and slightly somite-fused tail. A, B: lateral view, zebrafish line: tp53M214K, its 

p53 gene is mutated and loses the DNA-binding function. 
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Fig. 3-lla UIip knockdown randomizes the direction of cardiac jogging and 

heart looping. 
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Fig. 3-lla UIip knockdown randomizes the direction of cardiac jogging and 

heart looping. 

A, Hearts were visualized via WISH for nkx2.5 at 24 hpf, dorsal view and anterior to the top. 

Control embryos show the normal leftward-jogging heart. Arrow depicts the direction of 

atrium jogging with respect to the embryo midline. UIIj3-M01 -injected embryos display all 

kinds of cardiac jogging (rightward-jogging, fail or reduced-jogging or leftward-jogging 

heart). B, Hearts were visualized via WISH for cmlc2 at 42 hpf, ventral views. Control 

embiyos exhibit a normal heart looping (D-looping: the ventricle loops to the right and the 

atrium loops to the left). UIIp-MOl-injected embryos manifest three types of heart looping 

(L-looping, no looping or D-looping). Co-injection of UIip mRNA with UIip-MOl rescued 

the cardiac phenotype induced by UIip inhibition, a, atrium; v, ventricle; L, left; R，right; 

WISH, whole mount in situ hybridization. 
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P<0.05 

Fig.3-llb Graphical summary of the effect of UIIp knockdown on the normal 

cardiac D-looping morphogenesis. 

Calculation as % of embryos with D-looping in embiyos injected with MOl(MO), Control 

MO (CTL) or MOl and UIip mRNA (Rescue). The results were from 3 injection 

experiments. Error bars were 士SEM. *indicates statistical significance at p<0.05 by one-way 

ANOVA. The statistical analysis is performed using the software GraphPad PRISM Version 

5.0. (GraphPad, San Diego, CA)(www.graphpad.com). 
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Fig. 3-13 the expression of asymmetric genes is randomized in Ullp-knockdown 

embryos. 

(A-D), analyses of the expression pattern of asymmetric gene lefty 1 (A), leftyl (B), spaw 

(C) and pitx2c (D) in control and Ullp-knockdown embryos at 22-24s stages using the 

whole-mount mRNA in situ hybridization. L，left side; R, Tight side; A, anterior; P, posterior. 

All embiyos are dorsal view and anterior to the top. The lefty 1 is normally expressed on the 

left side of diencephalon at 22—24s stages; however, among Ulip-knockdown embiyos it 

shows a randomized expression in the diencephalon and all kinds of expression patterns can 

be observed, including left-sided, right-sided, bilateral, or absent expression pattem.(A, 

arrowhead). The lefty 2 is left-sided expressed on the heart primordial of wild-type embryos; 

but, like lefty 1’ Ullp-knockdown also randomized the expression pattern of this gene (B， 

arrowhead). The spaw, a ligand for Nodal signaling pathway, is the earliest asymmetrically 

expressed molecular marker in zebrafish. This gene is expressed in the left LPM preceding 

asymmetric lefty 1 or pitx2 expression. Our observation uncovered that the nodal related gene 

spaw was also randomized in UIIp-MO-injected embryos (C, arrowhead). As for pitx2, the 

similar phenomenon can be observed (D). The frequency of randomized expression is shown 

in the Table 3-3. 
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Table 3-3 Frequency for the randomization expression of laterality genes 

Effect of UII knockdown on lefty 1 expression in the diencephalon. 
% left %bilateral %right %absent Total embryos 

Control 99 1 0 0 100 
MO 16.9 45.0 16,7 21.3 160 

Effect of t///knockdown on lefty2 expression in the lateral plate mesoderm. 

% left o/obilateral %right %absent Total embryos 

Control 99.3 0.7 0 0 301 
MO 33.3 47.1 14.1 5.4 276 

Effect of [///knockdown on spoM? expression in the lateral plate mesoderm. 

% left %bilateral o/oright %absent Total embryos 

Control 98.7 0.6 0.6 0.0 311 
MO 20.5 62.1 12.1 5.4 298 

Effect of C///knockdown on pitx2 expression in the lateral plate mesoderm. 

% left %bilateral %right %absent Total embryos 

Control 100 0 0 0 80 
MO 27.7 56.9 15.4 0 65 
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1 

B 

1 , # 
c 

— 

j 

0 乂 
Fig.3-14 Midline development is normal in UIip knockdown embryos 

(A, B) RNA in situ hybridization (ISH) analysis of ntl expression, which marks the 

notochord in the midline, In contrast with the control (A) no sharp difference is observed in 

UIIp morphants except for little zigzag notochord in tail (B). (C, D) RNA ISH analysis of 

shh expression, which marks the floor plate and hypochord in the midline, there is no clear 

differentia between the controls (C) with UIIp morphants (D). All embryos is lateral view at 

22-24 somite stage. 
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Câ
^ 

in
di

ca
to

r a
nd

 sh
ow

in
g 

flu
or

es
ce

nc
e a

t K
V

 (D
). 

(E
 an

d 
F)

: E
m

br
yo

s i
nj

ec
ted

 w
ith

 C
â
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Fig.3-16 UIIp knockdown alters DFCs development 

During gastmlation, in addition to being expressed m margin cells, including the dorsal 

organizer margin region and ventral margin, paraxial mesoderm and prechordal plate ntl is 

also expressed in DFCs. RNA in situ analysis of ntl at 80% epiboly stage embryos to appear 

the morphology of DFCs. In a control embryo, DFCs form a single, compact DFC cluster 

(A); but in UIIp knockdown embryos the morphological defect of DFCs can be observed (Bl, 

B2 and B3)，which mainly displays absent (minority or significantly smaller but multiple 

DFC clusters (majority) and disperse at the ahead of dorsal organizer magian (B1-B3, 

arrow). 
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Fig,3-17 Ulip-knockdown altered the asymmetrical expression pattern of bmp4 in 

cardiac field and LPM at the 20-22 somite stage. 
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Fig.3-17 Ulip-knockdown altered the asymmetrical expression pattern of bmp4 in 

cardiac field and LPM at the 20-22 somite stage. 

A, the shape of cardiac cone of wild-type embryo were visualized via WISH for nkx2.5 at the 

20-22 somite stage; D，the shape of heart tube of wild-type embiyo were visualized via 

WISH for nkx2.5 at the 24hpf stage. At late segmentation stages, bmp4 expression is 

confined to the cardiac field and LPM. from 20s stage, bmp4 expression in the left LPM is 

transiently up-regulated and is stronger on the left compared with the right side LPM. bmp4 

shows an asymmetric expression pattern (B, from 22s to 24s stage; E, 24hpf). However the 

asymmetrical distribution of bmp4 transcript can be disrupted by UIip knockdown. The 

injection of UIip-MO results in a down-regulation of bmp4 expression in the left LPM (C, 

from 22s to 24s stage; E, 24hp^. At 24hpf the difference of bmp4 expression pattern 

between the controls (E) and UIIp morphant embryos became much more distinct (F). All 

embryos are lateral views with anterior to the top. 
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Fig.3-18 At the early segmentation stage the bmp4 expression is significantly 

down-regulated by UIIp knockdown. 
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Fig.3-18 At the early segmentation stage the bmp4 expression is significantly 

down-regulated by UIIp knockdown. 

Boxed area in A (MO) and B (Control) show the bmp4 expression in the tailbud and at the 

periphery of Kupffer's vesicle at 10s stage embryo and are enlarged in a (MO) and b 

(Control). The bmp4 expression in the tailbud and at the peripheiy of Kupffer's vesicle is 

down-regulated by UIip Knockdown (a, b); on contrary, in polster the transcripts of bmp4 

are up-regulated by Ullp Knockdown (A, B). Tthe transcripts of smadS were visualized via 

WISH at 10s stage and the 24hpf stage and no distinct difference is observed between 

UIip-MO-injected embryos (D and F) and the control (C and E). A and B, ventral view with 

anterior to the top at 10s stage; C and D, lateral view at 24hpf stage; E and F, lateral view at 

10s stage. MO-injected embryos, A, a, D and F; Control-MO-injected embryos, B，b, C and 

E. 
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Fig.3-19 During zebrafish gastrulation gradient distribution of bmp4 along 

ventral-to-dorsal axis in UIip morphant embryos is reduced. 
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Fig.3-19 During zebrafish gastrulation gradient distribution of bmp4 along 

ventral-to-dorsal axis in UIip morphant embryos is reduced, 

A (The control embryos) and B (UIIp morphant embryo) show the bmp4 expression along 

ventral-to-dorsal axis at 85% epiboly stage. The gradient distribution of bmp4 along 

ventral-to-dorsal axis in UIip morphant embryos is reduced by UIip knockdown. A and B, 

lateral view, the dorsal to right and animal pole to the top at 85% epiboly stage. C (The 

control embiyos) and D (UIip morphant embryo) show the chd expression in the dorsal side 

at 85% epiboly stage. It is worthy of noting that the BMP antagonist gene, chordin, not only 

appears significantly up-regulated expression in dorsal Spemnna organizer region and 

margin along dorsal-ventral axis in UIip morphant embryos but also shows ectopic 

expression in the DFCs domain (D arrow). C and D, lateral view, the dorsal to right and 

animal pole to the top at 85% epiboly stage. V, ventral side; D, dorsal side. 
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Fig.3-20a Enlargement of dorsal organizer 
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Fig.3-20b WISH analyses of organizer-regulating genes 
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Fig.3-20 Enlargement of dorsal organizer in UIip -Knockdown embryos 

Fig.3-20a: Ullp restricts dorsal organizer formation through suppressing fgfS and iro3 

activity. WISH analyses of organizer markers flh (A, B, a，b)，gsc (C, D，c and d) in the 

control (A, a, C and c) and UIIp MO 1-injected embryos (B, b, D and d) at 80% epiboly stage, 

organizer markers flh shows territories of dorsal organizer. Embryos are dorsal views with 

the animal pole to the top in the A, B, C, D，c, and d. The a and b are animal views with the 

dorsal side to the right, 

rig.3-20b: WISH analyses of organizer-regulating genes fgfSa (A, Bl, B2 and B3) iroquois3 

(C and D). the expression domains of organizer-regulating genes fgfSa and iroquois3 are 

enlarged in reduced UIIp embryos (B 1,2,3; C, D)，in contrast with the control embryos (A, 

and C), which indicates that Unp acts as a negative regulator to restrict the size of the dorsal 

organizer. 
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Fig.3-21 UIIp knockdown interferes in the myocardium development 

Using RT-PCR, we have evaluated the heart tube. At 24hpf and 48hpf, the myocardial 

marker cmlc2 and atrial marker amhc were down-regulated by the UIIj3 knockdown, but 

ventricular marker vmhc had no distinct change (Fig. 3-2 left panel). It appears that 

myocardium development suffered from some impact from the UIIp knockdown 
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Fig. 3-23. Overexpression of UIip perturbs the L-R patterning of embryos by 

altering Bmp signaling. 
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Fig. 3-23. Overexpression of UIIp perturbs the L-R patterning of embryos by 

altering Bmp signaling. 

A: bmp4 at 22s dorsal view; B (a-d): bmp4 at 10s ventral view; B (e f): smadS at 24. hpf 

lateral view; B(g, h): smadS at 10 s lateral view. Control: a, c e and g; UIIp overexpression 

embryos: b, d f and h. 

Both overexpression and knockdown of UIip seem to adopt similar strategies to regulate 

asymmetrical development of embryos, for example，the way to change Bmp signaling is 

similar (Fig. 3-23. A). In contrast to the controls, at 22s the bmp4 expression in heart field 

and LPM of UIIp morphant embryos not only becomes symmetric but is also upregulated in 

the overexpression embryos. While at 10s the expression pattern of bmp4 has a distinct 

variation: up-regulated in polster regions, instead, in tail region surrounding KV，bmp4 is 

down-regulated. As for smadS, the change of its expression pattern caused by overexpression 

of UIIp is the same as that of UIIp knockdown: smad5 expression has no significantly 

change at 10 somite stage and 24 hpf. (Fig.3-23. B). 
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Morphological phenotypes o f W T zebrafish embryos 

( A B or Tubingen) derived from fertilized eggs injected with M O 

D, control M O at 85hpf 

A , 3 . 2 % B, 3 7 . 8 % C , 4 6 . 0 % 

Fig. 3-24 Off-target effect of MO knockdown mediated through p53 activation. 

A-C: UIIp morphant embryos (AB or tubingen lines); D: Control. In this study, when initial 

performing the UIIp knockdown experiment we use the wild type zebrafish line AB or 

Tubingen to inject UIip MO into their one-cell embryos. Embryos presented a consistent 

phenotype with doses 1.5 ng MO/embiyo (A, B and C), however, the phenotypes of UIip 

morphants is similar wifti ftie gmeral morphological features of MO-induced off-targeting neural 

death as previously described by Robu et al., (2007). 
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Fig. 3-25. Off-target effect of MO knockdown mediated through p53 activation. 
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Fig. 3-25. Off-target effect of MO knockdown mediated through p53 activation. 

A-P: all embiyos at 3 s belonging to the wild-type zebrafish AB or Tubingen line. A: UIIj3 

MO embryos show the neural progenitor cell marker ngnl., B: Control MO embryos show 

the ngnl-, C: UIip MO embryos show the diencephalon marker barhl2; D: Control MO 

embryos show the barhll; E: UIIp MO embryos show the midbrain marker pax2a; F: 

Control MO embryos show the pax2a; G: UIIp MO embryos show the rhombomere marker 

egr2b; H: Control MO embryos show the egrlb; I and M: UIip MO embryos show the eye 

anlage and midbrain marker mabllll; J and N: Control MO embryos show the mabllll; K 

and O: UIIp MO embryos show the eye field marker rx3; Lnd P: Control MO embryos show 

the rxS; C, D, K, L , M and N: anterior up and lateral view. A, B, E and F: anterior up and 

dorsal view; I，J, O and P: focused on the top of eye field. As showed in the Fig.3-24 (A, B, 

and C), the phenotypes of UIIp morphants is similar wifti Ihe ̂ leral morphological features of 

MO-induced off-targeting neural death previously described by RObu et al., (2007). We 

characterized these defects using a series of neural marker such as ngn-1, pax2a, crestin, rx3, 

egr2b, barhll and mab21l2 (Fig.3-25). Moreover we further found that these defects failed to 

be rescued. Instead, it is not the case in the UIip MO tp53M214K embryos; the phenotypes 

of UIIp morphant in tp53M214K embryos can be rescued by injecting the UIIp mRNA with 

UIip MOl. There are distinct different phenotypes between UIIp MO tp53M214K embiyos 

(B in Fig.3-10). with UIIp MO wild-type embryo (A, B, and C in Fig.3-24) In the UIIp 

MO tp53M214K embryos, no the neural death phenotypes, such as smaller heads and eyes, 

exhibit somite and notochord abnormalities, and eventually display craniofacial defects, 

were observed and we only found the pericardial edema and abnormal heart looping. 

Foremore, these defects may be successfully rescued. 
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Chapter 4 General Discussion 

4.1 Overview 

Although observations ftom different model organisms suggested several 

signals might be implicated into the process of vertebrate embryonic L-R patterning, 

the majority reports indicated that Nodal signaling and Bmp signaling are the two 

major pathways involved. In mouse, nodal is expressed in the node, and its 

asymmetric expression in the left LPM is directly regulated by itself (Shen et al, 

2007). The nodal expression throughout the left LPM further results in induction of 

pitx2 and lefty2 expression in the left LPM, and of lefty 1 in the axial midline; In turn 

lefty 1 and lefty2 antagonize nodal activity. Through the negative feedback loop the 

duration and extent of nodal signalling in the left LPM is elegantly regulated (Raya 

et al” 2006). In zebrafish two Nodal genes, cyclops (eye) and southpaw (spaw\ are 

also expressed symmetrically. Around the 20-somite stage, expression of eye is 

confined to the left lateral plate and the presumptive epiphysis, which lies on the left 

side of the dorsal diencephalons (Rebagliati et al., 1998). The initial expression of 

spaw is limited in bilateral domains flanking KV at the 4—6 s (Long et al., 2008). At 

the 10-12 s, its expression becomes asymmetrical in the left lateral plate mesoderm. 

The ^paw-deficient embryos display the orientation defects of visceral and 

diencephalon left-right asymmetry. Consistent with the morphological changes, the 

left-biased expression of downstream genes {cyclops, pitx2, lefty] and leftyl) is 

severely downregulated or abolished within the lateral plate mesoderm of 
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5pmv-deficient embryos (Long et al.，2003). 

In zebrafish, the first evidence for bilateral symmetry breaking is from the 

observation of Chen et al.，（1997)，the left-sided expression of bmp4 in the heart field 

directs the normal leftward jogging and subsequent D-looping of heart tube. Further 

report from Chocron et al (2007) indicated bmp4 is involved in the establishment of 

L-R asymmetry of zebrafish embryo by repressing spaw expression in the right 

lateral plate mesoderm and regulating left-sided gene expression in the left lateral 

plate mesoderm. Smad5 is a downstream component in Bmp signaling cascade. In 

mice homozygous for a mutation in smad5 the lack of or bilateral expression of 

nodal, lefty2 and pitx2 suggests that as repressor, Bmp signaling acts on upstream of 

Nodal signaling to repress Nodal signaling in the right LPM (Chang et al-，2000). 

Using bmp4 null ES cells and bmp4 mutant mouse embryos Fuji war a et al (2002) 

found that bmp4 expression is required for node morphogenesis, nodal expression in 

the node is severely reduced and no expression was observed in the left LPM. 

Furthermore, the bmp4 mutants show an abnormal flat shape of the node in contrast 

to the concave structure of the node in the wild-type embryos. In frog similar 

observations were also obtained (Branford et al., 2000; Schilling et aL,1999) and 

overexpression of hmp4 on the right, but not on the left, induces reversal of heart 

looping, supporting the idea that enhanced one-sided bmp4 expression in the heart 

field determines the laterality of embryos. These results suggest that bmp4 signaling 

is critical for establishment of asymmetrical axis. 

4.2. Contribution of the present study 

Herein we presented five lines of evidence supporting the hypothesis that UII/ 
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UIIR signaling pathway is required for normal determination of asymmetric axis 

during early embryogenesis. First, function-loss of UII results in a concordant 

randomization of viscus asymmetries in embryos, including abnormalities in cardiac 

looping and positioning of visceral organs. Second, knockdown of UII randomizes 

the left-sided expression of asymmetrical genes including lefty2, spaw and pitx2c in 

the lateral plate mesoderm (LPM) and hmp4 in the developing heart domain and the 

LPM. Third, reducing the UII level interferes with the normal organogenesis of 

Kupflfer's vesicle (KV), an organ implicated in the early steps of left-right (L-R) 

patterning of embryos. Fourth, repression of UII function perturbed the 

asymmetrical distribution of free Ca� . (intracellular Ca^ )̂ at the region surrounding 

embryo KV during early somitogenesis, which is one of the signaling mechanisms 

that propagandize and amplify the early clue of L-R asymmetry. Fifth, loss of UII 

function alters the normal Bmp and Nodal signaling pathway, which modulate the 

establishment of L-R asymmetry of developmental embryo. Collectively, these 

observations support a model in which UII/UIIR signal system takes part in the early 

molecular events of L-R asymmetry patterning of embryo by modulating Bmp and 

Nodal signaling, regulating KV normal morphogenesis, so then, maintaining the 

asymmetrical distribution of free intracellular Ca^^ at the region surrounding embryo 

KV. This study documents a role of UII/UIIR signaling pathway in the establishment 

of L-R axis of embryos which promises to reveal the molecular mechanisms 

responsible for human congenital diseases with heterotaxy. 
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4.2.1 UII acts as an important factor for deHning the left-sidedness of embryo in 

establishment of asymmetrical axis of embryos 

Our results from the loss-of-function or overexpression experiment of UII 

uncovered that by modulating nodal and bmp4 signaling UII is implicated in the 

early determination of L-R patterning of embryos. Evidence derives from these 

observations that in UII knockdown embryos the Bmp signaling is severally altered, 

the left-biased expression of lefty, which act as inhibitors of Nodal signaling, is 

affected and nodal itself (spaw) asymmetrical expression in left LPM is randomized 

or deleted. Moreover, the expression profile of pitx2c, a downstream target of nodal 

signaling, also shows similar change. Collectively, our data shed light on a 

previously unexpected role of UII in L-R patterning of zebrafish embryos. 

4.2.2 UII acts in the earlier stages of L-R patterning of embryo and is required 

for the KV morphogenesis 

The vertebrate body plan develops along three geometric axes: 

anterior-posterior, dorsal-ventral, and left-right. The establishment of all three body 

axes is induced by the Spemann organizer (Jansen et al 2007; Saiidel et al 2000; 

Agathon et al 2003; Fauny et al 2009; Vandenberg et al 2010). Observations 

demonstrate that the LR axis is set with respect to the anterior-posterior and 

dorsa-ventral (dorsal-anterior) axes and the alteration in dorsal-anterior development 

will perturb the orientation of left-right axis (Danos MC et al 1995); the detailed 

mechanism on how the LR axis is coordinated (linked) with dorsal-anterior axis and 

is correctly oriented by the Spemann organizer still is elusive. 

Observations from zebrafish suggest that the BMPs show a degressive gradient 
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distribution from ventral to dorsal and are required for dorsoventral patterning during 

gastrulation. Our work suggests that through maintaining proper BMP gradient along 

ventral to dorsal axis UIIp controls limits the territory of dorsal Spemann organizer 

and then affects the specification, migration and convergence of DFCs. These 

phenomena seem imply it is through normal DFCs development that .LR axis is 

coordinated with dorsal-anterior axis and is correctly oriented. Our experimental 

observations suggests UII is involved in the process of L-R patterning of embryos 

before the onset of KV morphogenesis 

In short, this is the first report on the UII acting in the establishment of L-R 

axis during vertebrate embryogenesis. 

4.2.3 Model on UII modulating the correct orientation of L-R axis of embryos 

Fig.4-1 suggests the basic timeline of UII modulating the correct orientation of 

L-R axis of embryos. During gastrulation UIip regulates bmp ligand expression to 

maintain the gradient balance of BMP/WNT along the ventral-dorsal axis. UIip 

negatively regulates the organizer regulation gene directly, or indirectly through the 

rate of BMP/WNT along ventral-to-dorsal axis, regulates, for example fgaSa and iro3 

etc., to limit the territoiy of dorsal organizer which is essential for dorsal-ventral 

patterning of embryos. The appropriately boundary of dorsal organizer is required for 

the normal development of DFCs. 

During early segmentation through directly, or indirectly regulating bmp4 

expression in tailbud and periphery of KV, UII induces the inhibiting effect of lefty 1 

on the spaw expression in the right LPM • During later segmentation by directly, or 
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indirectly inducing bmp4 asymmetrical expression in heart field and LPM, UII 

affects the cardiac jogging towards the left side and heart looping.. 

4. 3 Future prospects 

To fully understand the UII role in the L-R patterning during embryogenesis, 

the following issues should be addressed in the future. 

• Whether UII is regulated by Smad4 and Smad3? 

Our results from bioinformatics analysis revealed that the promoter of 

zebrafish UIip not only embodies more different kinds of cw-elements, but also 

possesses a cis Smad4 binding element (GACAGACAGACAGACTGACAAA) 

between-2361 and -2339 and a 25-times-repeated cis Sinad3-Smad4 binding 

elements region (CAGACAGACAGACA) between -1636 and -521 (Table. 3-1). The 

25-times repetition of the cis element might reflect its potential to sense the 

concentration gradient of Smad factors and to give the differential transcriptional 

activity. Previously studies have been shown that Bmp and Nodal common belong to 

the TGF-p superfamily. Smad4 is a common transduction factor for both Bmp and 

Nodal/activin/TGF-P pathways. It acts as comediator to merge this two signaling 

pathway together and mediates the crosstalk between this two signaling pathway at 

the downstream of their signaling transduction by modulating the translocation of 

transcriptional complexes into nuclei and activation of target genes. Instead, Smad3 

only acts at the downstream of Nodal Nodal/activin/TGF-p pathway and is specific 

for Nodal signaling (Wu et al, 2002; Davis et al., 2008; Kim et al, 2006; Inman et 

al, 2002; Chen et al, 2002; Zhou et al., 1998; Shioda et al.，1998; Kishigami et al., 

2005). Therefore, it will be of interest to investigate whether the crosstalk among the 
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UII signaling pathway, Nodal signaling pathway and Bmp signaling pathway is 

modulated by Smad4 or Smad4-Smad3. If it is true, then what is the role of other 

factor cAMP among three signaling system? Interesting we found that the promoters 

of zebrafish bmp4, smad5, cyclops and spaw possess one or two cAMP responsive 

element respectively. These works should be undertaken at the next step to obtain a 

full insight into the above issues: in the context of loss-of-function and 

overexpression of smad4, smad3+smad4 to monitor expression of UIip, bmp4 and 

nodal, and to evaluate the corresponding phenotypes. 

參 Whether UIIp mediates the initial breaking of embryo symmetry? 

Our observations suggested that UII ftmctions on the upstream of KV 

organogenesis, being essential for the normal KV development. In zebrafish, KV 

organogenesis originates from the dorsal forerunner cells (DFCs) and DFCs are 

specified during the blastula period by a number of yet unidentified factors. DFCs 

express two genes, foxjla and L-Rdrl. Previous results demonstrated that the two 

genes are required for KV organogenesis from DFCs (Essner et aL, 2005; Tian et al., 

2009); while other earlier genes required for proper DFC formation are still unclear. 

Therefore, in order to determine whether UII functions at the initial breaking of 

embryo symmetry stage the relationship of UII with these genes should be 

investigated.. 
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Fig.4-1 Model on UIip modulating the correct orientation of L-R axis of embryos. 
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Fig.4-1 Model on UIIp modulating the correct orientation of L-R axis of embryos. 

During gastrulation UTIJ3 regulates bmp ligand expression to maintain the gradient balance of 

BMP or BMP/WNT along the ventral-dorsal axis. UIIp directly negatively regulates, or 

indirectly through the rate of BMP/WNT along ventral-to-dorsai axis, regulates the organizer 

regulation gene (fgaSa and iro3) to limit the territoiy of dorsal organizer which is essential 

for dorsal-ventral patterning of embryos. The appropriately boundary of dorsal organizer is 

required for the normal development of DFCs. During early segmentation stages, Bmp4 in 

Kupffer's vesicle represses spw expression in the right LPM possibly by regulating lefty 1 

expression in the notochord. Lefty 1 is a negative regulator of Nodal signaling. Due to the 

absence of this negative regulation cascade in the left LPM, spaw is expressed on the left 

LPM where it regulates visceral organ and heart morphogenesis. UIIp might directly regulate 

the bmp4 expression in Kupffer's vesicle and acts at the uptream of spaw. During late 

segmentation stages, spaw in the left LPM induces bmp4 expression in the left LPM and 

heard field, and pitx2 expression in the gut primordium. This late bmp4 expression is 

required for left-sided gene expression in the cardiac field and regulates cardiac jogging 

towards the left side without affecting morphogenesis of the visceral organs at later stages. 

UIip might indirectly regulate the bmp4 expression in heart field and LPM and acts at the 

downstream of spaw. 
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Appendices 

Protocol for the whole-mount in situ hybridization on zebrafish embryos 

Note: This protocol from: 
Dr. Alberto Musa 
Max-Planck-Institute for Molecular Genetics 
Dept. Prof. H. Lehrach, Vertebrate Genomics 
Fabeckstr. 62- 14195 Berlin - Germany 
Synthesis of DIG-labelled RNA probes (DIG-RNA) by in vitro transcription. 

Note: in order to prevent RNase contamination and contact with harmful chemicals, work must be done using 
gloves, sterile tubes and solutions. 
1. Preparing the DNA template from cDNA clones: 
• Linearize 1-1,5 |j.g of DNA for each probe by digesting with the appropriate restriction enzyme. 
- Precipitate the DNA with Ethanol, centrifuge, and wash with RNase free 70% Ethanol. 
- Resuspend the DNA in DEPC-water. 
- Test an aliquot on agarose gel. 
2. Transcription reaction: follow the suggestions of the supplies. 
- linearized DNA template 1 ng 
- Transcription buffer 2 fiL 
-DIG-RNA Labeling Mix 2]iL 

- RNase inhibitor (40 units/̂ L) 1 ̂ L 
- RNA polymerase (20 units/̂ L) 2 |xL 
- DEPC-water to total 20 ̂iL 
3. Isolation of the DIG-RNA probes: 
-add 0,5M EDTA, pH 8 1 ̂lL 
- add 4M LiCl 2,5 \iL 
-add 100% Ethanol at -70°C 75 ̂iL 
- Centrifuge at 18 G for 30 minutes at 4°C. 
- Wash with 70% ethanol, diy and resuspend in 20 jiL DEPC-water. 
- Test 2 on agarose gel. 
Preparation of the embryos. 

1. Sort the embryos at the stages required for the experiment. Staging according to Kimmel et al. (1995). 
2. Remove chorions by pronase treatment or manually with Dumont Watchmaker's Forceps no. 5. 

3. Fix the embryos in 4% paraformaldehyde (PFA) in IxPBS overnight at 4°C. 
4. Rinse with PBS several times; transfer the embryos into 100% Methanol (MeOH) and store them at -20°C 

until use. 
Whole mount in situ hybridization. 
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1. Rehydrate the embryos by successive washes as follow: 
- 75% MeOH / 25% PBS for 5 minutes 
- 50% MeOH / 50% PBS for 5 minutes 
- 25% MeOH / 75% PBS for 5 minutes 
- 100% PBT (PBS/Tween20 0.1 %) 4x 5 minutes 
Note: after storing in 100% methanol, zebrafish embiyos younger than 24hpf do not need pemieabilization step. 
2. Prehybridize the embryos in Hyb+ for 3 hours at 65°C-70°C. 
Note: Based on the differentiations of different probes modify to proper hydrate temperature. 
3. Incubate with Hyb+ containing OOng/mL of antisense DIG-RNA probe for 5 hours at 65°C-70°C 
4. Post-hybridization washes: 
- 100% Hyb- at 65°C for 15 minutes 
- 75% Hyb- / 25% 2x SSCTw 1 x at 65°C for 15 minutes 
- 5 0 % Hyb- / 50% 2x SSCTw Ix at 65°C for 15 minutes 
- 2 5 % Hyb- / 75% 2x SSCTw 1 x at 65°C for 15 minutes 
- 2x SSCTw Ix at 65°C for 15 minutes 
- 0,2x SSCTw 2x at 65°C for 15 minutes 
- 7 5 % 0,2x SSCTw /25% PBTw Ix at RT for 15 minutes 
- 50% 0,2x SSCTw /50% PBTw 1 x at RT for 15 minutes 
- 2 5 % 0,2x SSCTw /75% PBTw Ix at RT for 15 minutes 
- PBTw 2x at RT for 15 minutes 
- Blocking solution Ix at RT for 3 hours 
5. Detection: 
- Incubation with 1:5000 anti-DIG antibody in blocking solution at RT for 3 hours. 
- Post-antibody washes: 6x 15 minutes with PBTw at RT. 
6. Staining: 
- Wash 2x 15 minutes with Alkaline phosphatase (AP) solution at RT. 
- Incubate embryos in staining solution at RT in the dark. 
- Monitor the staining reaction with a stereo microscope. 
- Stop the reaction with 4% PFA when the signal is came up. 
7. Store the embryos in 3 0% Glycerol at 4°C. 
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Recipes (all solutions prepared with DEPC-treated water). 

Ix Phosphate buffer saline + 0,1% Tween 20 (PBTw) 
- I Ox PBS (DEPC treated) 
- 0,1% Tween 20 
- DEPC-water 
Hybridization solution (Hyb+): 
- 50-65% Formamide 
- 5 x SSC 
- 0,1% Tween 20 
- Adj ust the pH to 6,0 with citric acid 
- 50 fig/mL Heparin 
- 1 mg/mL tRNA 
Note: change the percentage of formamide according to the desired stringency. 
Hybridization wash-solution (Hyb-): 
- 50-65% Formamide 
- 5 x SSC 
- 0,1% Tween 20 
- Adjust the pH to 6,0 with citric acid 
2x Saline-sodium citrate buffer + 0,1% Tween 20 (2xSSCTw): 
- l:10of20xSSC 
- 0,1% Tween 20 
- DEPC-water 
0,2x Saline-sodium citrate buffer + 0,1% Tween 20 (0,2xSSCTw): 
- 1:100 of 20xSSC 
- 0,1% Tween 20 
- DEPC-water 
Blocking solution: 
- 2% goat (or sheep) serum 
- 2mg/mL BSA 
- in PBTw 
Preadsorbed anti-DIG antibody. 
Incubate the anti-DIG antibody with homogenate of fixed embryos in blocking solution for several hours at RT. 
Alkaline phosphatase (AP) solution: 
- 100 mM Tris HCI pH 9,5 
- 5 0 mM MgC12 
- lOOmMNaCl 
- 0,1% Tween 20 
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- DEPC-water 
Staining solution: 
- 135 ̂ ig/mLNBT 
- 105 [ig/mLBCIP 
- in AP solution 
Nitro Blue Tetrazolium (NBT) stock (store at -20�C): 
- 50 mg of NBT 
- in 0,7 mL N,N Dimethylformamide + 0,3 mL HjO. 
5-Bromo4-Chloro3-Indoyl phosphate (BCIP) stock (store at-20°C): 
- 5 0 mg of BCIP 
- in 1 mL N,N Dimethylfomamide. 
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