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ABSTRACT 
 

Insulin-like growth factors (IGFs) are potent regulators of development and 

homeostasis. IGF-binding proteins (IGFBPs) are important modulators of IGF signaling. 

In this study, I took advantage of the zebrafish model to investigate the in vivo function 

of the IGF system, in particular IGFBP5. Two zebrafish igfbp5 genes were identified, 

exhibiting functional diversification both in expression patterns and biochemical 

properties. One of them, igfbp5a, is specifically expressed in the trpv6-expressing NaR 

cells in the yolk skin of zebrafish embryos and larvae. These cells mediate epithelial Ca2+ 

absorption from the water, and are functionally equivalent to the enterocytes in the 

mammalian intestinal epithelium. Morpholino knockdown of igfbp5a increased the 

number of the NaR cells and elevated Ca2+ content and Ca2+ influx in the embryos, 

suggesting that Igfbp5a functions as a regulator of Ca2+ homeostasis by negatively 

modulating the population of the NaR cells. In zebrafish larvae, igfbp5a and trpv6 co-

expressing NaR cells increase their number dramatically in low-Ca2+ water. IGF1R 

downstream Akt signaling is specifically activated upon low-Ca2+ treatment. 

Pharmacological inhibition of IGF1R or PI3K abolished the low-Ca2+ induced cell 

proliferation. These findings suggest that IGF signaling is required for the increase of the 

NaR cells during low-Ca2+ acclimation. Taken together, this study reveals previously 

unknown roles of IGF and IGFBP5 in epithelial Ca2+ transport. It also provides new 

insight into the molecular regulation of growth factor signaling during development and 

physiological adaptation.  



 

CHAPTER 1 
 

Background and Introduction  
 

1.1 Introduction 

Tissue growth and renewal are not only determined by the intrinsic clock, but they 

are also subject to environmental modulations. The cellular and molecular processes that 

can fine-tune cell growth in adaption to environmental changes are of great importance to 

maintain homeostatic physiological status. Both genetic defects and unfavorable 

environments may disrupt such homeostasis and cause diseases. Therefore, studying the 

mechanisms of how internal signaling pathways respond to external alterations not only 

addresses a fundamental biological question, but it may also contribute to health care and 

disease treatment.  

Hormones and growth factors are critical players in regulating growth and 

maintaining homeostasis. Insulin like growth factor (IGF), discovered in the 1950s as a 

potent mitogen to stimulate cartilage growth (Salmon and Daughaday, 1957), is one such 

player that can function both as an endocrine hormone to control whole body growth and 

as a local growth factor to exert pleiotropic roles (Le Roith et al., 2001). The activity of 

IGF can be modulated by IGF-binding proteins (IGFBPs), and recent studies suggest that 

IGFBP can regulate IGF bioavailability in response to environmental changes (Kajimura 

et al., 2005).  
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Nutrient availability is one of the key environmental factors that affect growth. 

The vertebrate transport epithelia, in close contact with the environment, are tissues 

actively remodeled by the nutrient status. Ca2+, one of the essential mineral nutrients, is a 

major component for the bone, an important enzyme cofactor in body fluid, and a second 

messenger for multiple intracellular signaling pathways. Regulation of Ca2+ homeostasis 

is of critical importance to health.  

Recently, the transient receptor potential (TRP) channels, ion channels involved 

in multiple cellular processes, show emerging roles as cellular sensors in response to 

environmental stimuli (Clapham, 2003). TRPV5 and TRPV6 are epithelial Ca2+ channels 

involved in epithelial Ca2+ transport (Hoenderop et al., 2005). They play important roles 

in maintaining Ca2+ homeostasis. They are also highly responsive to Ca2+ availability in 

external resources.  

In this review, background information of the IGF system and epithelial Ca2+ 

absorption will be introduced. Studies suggesting potential links between IGF signaling 

and Ca2+ homeostasis will be reviewed. Questions to be addressed in the thesis study will 

be summarized.  

1.2 IGF signaling 

1.2.1 Components of the IGF system  

The central IGF axis is composed of two extracellular ligands, IGF1 

(Rinderknecht and Humbel, 1978a) and IGF2 (Rinderknecht and Humbel, 1978b), a 

plasma membrane receptor, IGF1R (Ullrich et al., 1986), and six extracellular IGFBP1-6 

(Binkert et al., 1989; Brinkman et al., 1988; Shimasaki et al., 1991a; Shimasaki et al., 

1991b; Shimasaki et al., 1990; Wood et al., 1988).  
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IGFs are so-called insulin-like growth factors because they are structurally similar 

to and evolutionally conserved with insulin. The A- and B-domains of IGFs are 

homologous to those of insulin. Unlike insulin, which cleaves off the C-domain of 

proinsulin to form a mature protein containing the A-domain and B-domain linked by 

disulfide bonds, IGFs retain their C-domain. In addition, they have D- and E-domains in 

extension to the carboxy-terminal A-domain. The E-domain is removed in the mature 

protein (Hylka et al., 1985).  

IGF1R is a cell surface tyrosine kinase receptor in a heterotetrameic β-α-α-β form 

linked by disulfide bonds. The propeptide containing one α- and one β-subunit encoded 

by the IGF1R gene is glycosylated, dimerized, and cleaved to yield α- and β-subunits 

(Ullrich et al., 1986). The α-subunits contain the ligand binding site (Garrett et al., 1998), 

and the β-subunits contain the transmembrane domain and intracellular tyrosine kinase 

domain. IGF1 binds to IGF1R with 0-4 fold higher affinity than IGF2 in different 

experiments (Danielsen et al., 1990; Forbes et al., 2002; Pandini et al., 2002). 

Despite the overall agreement that IGF1R is the main receptor for IGF signaling, 

involvement of other receptors has been implied. Insulin receptor (INSR), homologous to 

IGF1R, has two isoforms, IR-A and IR-B, due to alternative splicing of exon 11 encoding 

12 amino acids at the carboxy (C)-terminus of the extracellular receptor α-subunit (Seino 

and Bell, 1989). IGF2, but not IGF1, can bind IR-A with similar affinity as insulin, but it 

induces a cellular response different from insulin (Frasca et al., 1999; Sciacca et al., 

2002). In addition, hybrid receptors resulting from heterodimerization of IGF1R and 

INSR hemireceptors are proposed to bind IGFs and function in signal transduction 

(Pandini et al., 2002; Pandini et al., 1999). IGF2R (Morgan et al., 1987), a structurally 
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different receptor that possesses binding sites for diverse ligands, including IGF2 and 

mannose-6-phosphate (M6P), functions in sequesting IGF2 and targeting it for lysosomal 

degradation (Oka et al., 1985). IGF2R binds IGF1 with very low affinity and does not 

bind insulin (Tong et al., 1988). 

IGFBPs, initially identified from serum, amniotic fluid, and other biological 

resources as high affinity IGF binding proteins, bind IGFs with equal or even stronger 

affinity than IGF1R (Clemmons, 1997). All IGFBP genes contain four coding exons that 

encode proteins with common domain organizations. After removal of the secretory 

signal peptide, the mature proteins contain conserved amino (N)- and carboxyl (C)- 

domains, but variable central linker (L)-domains. Conserved cysteine residues, 12 in the 

N-domain (except for 10 in IGFBP6) and 6 in the C-domain, form intra-domain disulfide 

bonds. Both the N- and C-domain contribute to ligand binding. Despite the structural 

similarities, different IGFBPs vary in expression patterns, biochemical properties, and 

functions (Duan and Xu, 2005; Firth and Baxter, 2002).  

Binding of IGFs to IGF1R induces receptor autophosphorylation, and the 

signaling is transmitted to a series of downstream cascades (Fig. 1.1). Three tyrosine 

residues (Tyr1131, Tyr1135 and Tyr1136) within the kinase domain are the earliest major 

autophosphorylation sites essential for signal transduction (Gronborg et al., 1993; 

Murakami and Rosen, 1991; White et al., 1988b). Phosphorylation on other tyrosine 

residues has also been detected. Tyr1251 in the C-terminus of the receptor is required for 

transforming activity (Miura et al., 1995) and cell proliferation (Blakesley et al., 1998). 

Tyr950, located in the IGF1R juxtamembrane region, serves as a docking site for several 

receptor substrates (White et al., 1988a), including the insulin receptor substrates (IRS) 1-
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4 and the Src homology collagen (Shc). Once activated, IRS and Shc bind to growth 

factor receptor-bound protein 2 (Grb2), which in turn recruits the guanine-nucleotide-

exchange factor (Sos). This leads to activation of the Ras/Raf/mitogen-activated protein 

kinase kinase (MEK)/mitogen-activated protein kinase (MAPK) pathway. 

Phosphorylated IRS also binds to p85, the regulatory subunit of phosphatidylinositol 3-

kinases (PI3K). PI3K activates phosphoinositol-dependent kinases (PDKs), which 

subsequently phosphorylate Akt at Ser473 and Thr308. Akt activation can phosphorylate 

multiple downstream targets, including mTOR, GSK3, Bad, and nuclear targets. IGF1R 

phosphorylation can also activate two other MAPK families, p38 and JNK (Dupont et al., 

2003; Samani et al., 2007).  

1.2.2 Function of IGF signaling  

Broadly expressed in fetuses and adults, the IGF system is involved in embryonic 

development, postnatal growth, and adult homeostasis.  

IGF signaling is important for both prenatal and postnatal growth. In humans, a 

homozygous partial deletion of the IGF1 gene was associated with prenatal and postnatal 

growth failure (Woods et al., 1996). Mutations in the IGF1R gene, resulting in decreased 

function or expression, were associated with retarded intrauterine growth and subsequent 

growth (Abuzzahab et al., 2003). Igf1 heterozygous mutant mice have lower levels of 

IGF1 and weigh 10-20% less than normal adults due to a decrease in organ, muscle, and 

bone mass. Igf1 homozygous mutant mice weigh 70% less than normal adults and have 

defects in brain, bone, muscle, lung, and skin. Single Igf1 or Igf2 null mutants have 60% 

of normal birthweight. Igf1r null mutants exhibit a more severe growth deficiency (45% 

of normal birthweight) and die invariably at birth of respiratory failure. Igf1 and Igf1r 
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double mutants show the same phenotype as Igf1r single mutants, while Igf2/Igf1r and 

Igf1/Igf2 double mutants show further exacerbated growth deficiency (30% of normal 

birthweight) (Baker et al., 1993; DeChiara et al., 1990; Liu et al., 1993; Powell-Braxton 

et al., 1993). IGF2 is also important for placental growth. Combinational knockout (KO) 

of Igf1, Igf2, and Igf1r in mice showed that placental growth is served exclusively by an 

IGF2-XR interaction (Baker et al., 1993). The XR was later suggested to be IR-A (Frasca 

et al., 1999). Mice with an Igf2r null allele from their mother (but not father) have 25-

30% fetal overgrowth, elevated levels of circulating IGF2, and die around birth (Lau et 

al., 1994).  

The development and function of a broad range of organs and tissues are affected 

by IGF signaling. β-cell-specific KO of Igf1r in mice affects β-cell differentiation, but not 

growth and development, leading to defective insulin secretion and glucose tolerance 

(Kulkarni et al., 2002; Ueki et al., 2006). IGF1 has neuroprotective effects in 

Huntington’s disease patients by inhibiting mutant huntingtin-induced cell death and 

reducing the formation of intranuclear inclusions of mutant huntingtin through the Akt 

pathway (Humbert et al., 2002). Muscle-specific overexpression of Igf1 in mice results in 

myocyte hypertrophy and preserves muscle function in Duchenne muscular dystrophy 

(Barton et al., 2002; Musaro et al., 2001). In vascular growth, low IGF1 levels are 

associated with a lack of vessel growth in premature infants (Hellstrom et al., 2001), and 

vascular endothelial cell-specific KO of Igf1r in mice causes a 34% reduction in 

neovascularization following hypoxia (Kondo et al., 2003). The IGF system is also 

important for reproduction and gonad development. Mice with null mutations of Igf1 are 

infertile (Baker et al., 1993). XY mice mutant for the Ir, Igf1r, and Irr develop ovaries 
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and exhibit a female phenotype, indicating that the insulin receptor tyrosine kinase family 

is required for male sexual differentiation (Nef et al., 2003). 

Emerging evidence reveals a function of IGF signaling in stem cells. Age-

associated changes in stem cell supportive niche cells deregulate haematopoiesis through 

dysfunction of haematopoietic stem cells. These defects in niche cells can be reversed by 

neutralization of IGF1 in the marrow (Mayack et al., 2010). Human ES cells and 

autologously derived human ES fibroblast-like cells (hdFs) are defined by IGF-

dependence. IGF1R is expressed exclusively in ES cells, and FGFR1 is expressed in hdFs. 

Survival of ES cells is reduced when the IGF2/IGF1R pathway is blocked (Bendall et al., 

2007). 

Recent studies demonstrate IGF signaling as a critical player in aging. A positive 

role in local tissues and a negative role in the whole body have been proposed. IGF is 

generally considered neuroprotective, and its decline in the brain is associated with 

reduced cognitive functions (Aleman et al., 1999) and increased brain amyloid β levels 

(Carro et al., 2002) in old-aged people. Studies in model organisms in worm, fly (Clancy 

et al., 2001; Wessells et al., 2004), and mouse (Holzenberger et al., 2003) consistently 

show that reduced IGF signaling prolongs lifespan. 

Dysregulation of the IGF system leads to, or associates with, a plethora of human 

diseases including cancer. Overexpression of IGF2 is associated with Beckwith-

Wiedemann syndrome (Weksberg et al., 1993), overgrowth disorder (Morison et al., 

1996), and Silver-Russell Syndrome hypomethylation (Bartholdi et al., 2009). Elevated 

IGF1 or IGF2 levels are observed in a variety of cancers and tumors in humans. Breast 

cancer risk correlates with circulating IGF1 (Hankinson et al., 1998). IGF2 level is 
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elevated in Wilms tumors (Reeve et al., 1985; Scott et al., 1985), rhabdomyosarcoma 

(Pedone et al., 1994), intestinal tumor (Sakatani et al., 2005), and colorectal cancer (Cui 

et al., 2003). 

1.2.3 IGFBP5  

IGFBP5 has a secretory signal peptide of 20 amino acids (aa). The mature protein 

contains 252 aa and consists of three domains of similar length. The N- and C-domain are 

highly conserved while the L-domain is more variable.  

The primary IGF binding site is located in the N-domain (Shand et al., 2003). 

Nuclear magnetic resonance spectroscopy of mini-IGFBP5, comprising residues A40 to 

I92, revealed residues V49, Y50, P62, and K68 to L75 as the primary IGF2 binding site 

(Kalus et al., 1998). Mutations in five residues (K68N/P69Q/L70Q/L73Q/ L74Q) in the 

N-domain caused a 1,000 fold reduction in the affinity for IGF1 (Imai et al., 2000). The 

N-domain also contains several acidic residues and prolines that are critical for 

transcriptional activation activity (Zhao et al., 2006). The C-domain of IGFBP5 has a 

stretch of basic nucleotides (R201-R218) that are involved in IGF binding 

(G203K/Q209A and the basic residues) (Allan et al., 2006; Bramani et al., 1999), ALS 

binding (K211N/R214A/K217A/R218A) (Firth et al., 2001), extracellular matrix (ECM) 

binding (R207A/R214A) (Parker et al., 1998), heparin binding 

(R201L/K202E/K206Q/R214A) (Song et al., 2000), and nuclear transport 

(K206N/K208N/K217A/R218A) (Xu et al., 2004). The L-domain contains several 

confirmed and predicted sites for proteolysis, phosphorylation, and glycosylation (Firth 

and Baxter, 2002).  
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IGFBP5 is a secreted protein that can enter blood circulation. Similar to IGFBP3, 

IGFBP5 can complex with IGF and the acid-labile subunit (ALS) in a 1:1:1 molar ratio 

(Baxter and Martin, 1989; Twigg and Baxter, 1998). Such complex formation is proposed 

to restrict IGFs in circulation (Binoux and Hossenlopp, 1988), prolong the half-life of 

IGFs (Lewitt et al., 1994; Ueki et al., 2000), and prevent the potential hypoglycemic 

effect of IGFs activating the insulin receptor (Daughaday and Kapadia, 1989). 

Secreted IGFBP5 can also bind to ECM components. Studies with cultured 

human fetal fibroblasts suggest that such binding can protect IGFBP5 from degradation 

and potentiate the biological actions of IGF1 (Jones et al., 1993).  

IGFBP5 has also been shown to localize in the nucleus in a number of studies. 

The nuclear localization signal (NLS) in the C-domain was first recognized as having 

strong homology to known bipartite NLS (Radulescu, 1994), and this was later confirmed 

by mutagenesis (Schedlich et al., 1998; Xu et al., 2004). The route for nuclear entry is 

suggested to result from endocytosis of the secreted protein (Schedlich et al., 1998; Xu et 

al., 2004). Alternatively, using transfected IGFBP5, another route of retrograde 

trafficking from the ER has been proposed (Zhao, 2007). Nuclear import is mediated by 

importin β (Schedlich et al., 2000). Nuclear IGFBP5 was found to interact with FHL2 

(four and a half LIM domains 2) (Amaar et al., 2002) and the vitamin D receptor (VDR) 

(Schedlich et al., 2007), although the function of such interaction is not clear. However, 

using immunohistochemistry to detect the endogenous protein, or using fluorescent-

labeled IGFBP5 in endocytosis assays, IGFBP5 was detected in the vesicular 

compartment of mammary epithelial cells in culture, but not in the nucleus (Jurgeit et al., 
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2007). The discrepancy may be due to different experimental procedures or cell type 

specificity. 

IGFBP5 expression can be regulated by growth hormone (GH) and IGF1 at 

transcriptional and posttranslational levels. In old-aged people, stimulating GH secretion 

increased serum IGF1, IGFBP3, and IGFBP5 protein levels (Bowers et al., 2004). 

Transgenic overexpression of Igf1 in the brain causes a 2-3 fold increase of IGFBP5 

mRNA and protein in the IGF1 overexpression regions (Ye and D'Ercole, 1998). In 

porcine vascular smooth muscle cells, cell density regulates IGFBP5 level. Sparse culture 

expresses more IGFBP5 mRNA and protein due to IGF1 stimulation (Duan and 

Clemmons, 1998). IGF1 stimulates IGFBP5 mRNA expression in an IGF1R-dependent 

manner through the PI3K/Akt/S6K but not MAPK pathway (Duan et al., 1999). In U-2 

human osteosarcoma cells and T47D human breast carcinoma cells that secrete IGFBP5, 

adding IGF1 increased IGFBP5 levels in the culture medium by inhibiting proteolysis but 

not influencing IGFBP5 mRNA abundance (Conover and Kiefer, 1993; Shemer et al., 

1993). 

1.2.4 Function of IGFBP5  

Several mechanisms of IGFBP5 actions have been proposed (Fig. 1.2) (Duan and 

Xu, 2005). In the inhibition model, IGFBP5 sequesters IGFs from their receptors (Rozen 

et al., 1997). There are two potentiation models, one proposes that IGFBP5 transports 

IGFs to their site of action through cell surface binding (Jones et al., 1993). Another 

model states that IGFBP5-specific proteases can cleave the high affinity binding protein 

into fragments with lower affinity for IGFs, thereby increasing free IGF bioavailability 

(Imai et al., 1997). Besides modulating IGF function, IGFBP5 also has IGF- and IGF 
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receptor-independent functions. The different models proposed may be due to cell type 

specificity resulting from variable ECM components and other binding 

proteins/ligands/receptors expressed, or because of altered experimental conditions 

(overexpression or knockdown).  

Igfbp5 KO mice show normal whole-body growth, while serum IGFBP3 levels 

are significantly elevated (Ning et al., 2007). Igfbp3, -4, and -5 triple KO results in a 

significant reduction of serum IGF1 and body weight (78% of wild type adult) (Ning et 

al., 2006). Overexpression of Igfbp5 in mice causes a maximum of a 4-fold increase of 

IGFBP5 and up to a 2-fold increase of total and free IGF1 in circulation. Significantly 

increased neonatal mortality, reduced female fertility, whole-body growth inhibition, and 

retarded muscle development are observed (Salih et al., 2004). Interestingly, 

overexpressing an IGF binding-deficient IGFBP5 also causes significant growth 

deficiency without interfering with the IGF system, suggesting an IGF1-independent role 

of IGFBP5 during development (Tripathi et al., 2009).  

Detailed studies of the tissue-specific roles of IGFBP5 provide more insight into 

the in vivo function of IGFBP5. However, the effect of IGFBP5 remains controversial. In 

mammary glands, IGFBP5 levels increase after weaning, and it has been found to inhibit 

the mitogenic and anti-apoptotic effects of IGF1. Overexpressing IGFBP5 under the 

control of the mammary-specific β-lactoglobulin promoter induces apoptosis in mice 

(Tonner et al., 2002). In Igfbp5 KO mice, mammary gland involution after weaning is 

delayed, suggesting that endogenous IGFBP5 inhibits the anti-apoptotic role of IGF1 

(Ning et al., 2007). In the MCF-7 human breast cancer cell line, vitamin D-related 

compounds stimulate production of IGFBP5. The growth-promoting activity of IGF1 but 
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not long R3 IGF1, an analogue with greatly reduced affinity for IGFBPs, is attenuated 

(Rozen et al., 1997). 

In prostate tissues, IGFBP5 is highly upregulated after androgen withdrawal. An 

adaptive mechanism of IGFBP5 overexpression to potentiate the mitogenic and anti-

apoptotic effects of IGF1 has been proposed. Overexpressing IGFBP5 in LNCaP human 

androgen-dependent prostate cancer cells increased tumor growth after castration 

(Miyake et al., 2000a). Knockdown of IGFBP5 inhibits the growth of androgen-

dependent Shionogi tumor cells in a prostate cancer mouse model (Miyake et al., 2000b). 

IGFBP5 levels in bone decline with age (Nicolas et al., 1995). Systemic 

administration of recombinant IGFBP5, either alone or in combination with IGF1, 

increases bone formation parameters in mice (Richman et al., 1999). Local administration 

of recombinant IGF1 with IGFBP5 increases bone mass in rodents, whereas IGF1 or 

IGFBP5, alone, has weak or no effect (Bauss et al., 2001). However, transgenic mice 

overexpressing IGFBP5 under the control of the bone-specific osteocalcin promoter show 

a transient decrease in trabecular bone volume and impaired osteoblastic function (Devlin 

et al., 2002). In U-2 human osteosarcoma cells, while knockdown of IGFBP5 inhibits cell 

survival and differentiation, adding IGFBP5 increases apoptosis (Yin et al., 2004).  

In skeletal muscle, IGFBP5 expression is induced during myogenesis. Expressing 

sense RNA of IGFBP5 inhibits differentiation in C2 myoblasts, while antisense RNA 

results in premature differentiation (James et al., 1996). In C2C12 myoblasts, knockdown 

of IGFBP5 impairs myogenesis and suppresses IGF2 gene expression. When added with 

low concentrations of IGF2, wild type, but not an IGF binding-deficient, IGFBP5 restores 
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IGF2 expression and myogenic differentiation, suggesting an IGF-dependent pro-

differentiation role of IGFBP5 (Ren et al., 2008). 

1.3 Epithelial calcium absorption  

1.3.1 Calcium homeostasis 

Ca2+ is a major component of the skeleton, and it is important for multiple vital 

physiological processes. Approximately 99% of the body's Ca2+ is stored in the skeleton 

in the form of Ca2+ phosphate salts (Cashman, 2002). The remaining Ca2+ in the 

extracellular fluid functions as a cofactor for many enzyme activities involved in 

processes such as blood coagulation and ECM assembly (Lorand and Graham, 2003). 

Intracellular Ca2+ functions as a signal for numerous cellular processes including 

exocytosis, neuronal excitation, muscle contraction, and immune response, as well as 

gene transcription and cell proliferation (Berridge et al., 2003; Clapham, 2007; Suzuki et 

al., 2008b). Intracellular Ca2+ signaling is mediated by Ca2+ movement between the 

cytosol and the internal stores (endoplasmic reticulum and mitochondria) and/or the 

external media (Berridge et al., 2003; Clapham, 2007; Suzuki et al., 2008b). 

To ensure the function of Ca2+ in these activities, the ionized serum Ca2+ 

concentration must be maintained within a narrow range of 1.1-1.3 mM (Suzuki et al., 

2008b). Serum total Ca2+ concentration is maintained within 2.2-2.6 mM, but it can vary 

depending on the serum albumin level. Ca2+ homeostasis is maintained by concerted 

actions in three organs: intestine absorption, kidney reabsorption, and bone turnover. In 

an adult on a normal diet containing 1000 mg of Ca2+ per day, about 400 mg is absorbed 

in the gastrointestinal tract. Meanwhile, about 200 mg is secreted in the digestive juice 

and leaves the body in feces. Therefore, a net 200 mg/day is absorbed in the intestine. 
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The kidney excretes approximately 10 g of Ca2+ per day in pro-urine and reabsorbs 97-

99%, leading to a net loss of 200 mg/day in the urine, which maintains the Ca2+ balance. 

Bone serves as an important storage pool for Ca2+, and its daily turnover (~200 mg) 

contributes to the maintenance of Ca2+ balance between meals (Schrier, 2006). 

Ca2+ homeostasis is regulated primarily by three hormones (Fig. 1.3): 1,25-

(OH)2D3 (the active form of vitamin D), parathyroid hormone (PTH), and calcitonin. 

When the chief cells in the parathyroid gland sense low serum Ca2+ concentration through 

the Ca2+ sensing receptor (CaSR), they secrete PTH, which stimulates 1,25-(OH)2D3 

production in the kidney. Increased 1,25-(OH)2D3 works on both the intestine and kidney 

to increase Ca2+ absorption and reabsorption. PTH also acts on the bone to trigger Ca2+ 

release. When serum Ca2+ level increases, parafollicular cells in the thyroid gland release 

calcitonin, a hypocalcemic hormone that stimulates Ca2+ deposition in the bone 

(Hoenderop et al., 2005; Suzuki et al., 2008b). 

Dysregulation of serum Ca2+ level can be caused by eating disorders and 

malfunction in the calcitropic hormones and organs. For example, hypercalcemia can be 

caused by excessive secretion of PTH in primary hyperparathyroidism (Bilezikian et al., 

2005) and production of parathyroid hormone-related proteins in malignancy (Clines and 

Guise, 2005). Hypocalcemia may be due to vitamin D deficiency (Cooper and Gittoes, 

2008) and inadequate PTH secretion in hypoparathyroidism (Shoback, 2008).  

Although some patients with chronic abnormal levels of ionized serum Ca2+ may 

be asymptomatic, commonly present symptoms affect neuromuscular activities. 

Hypercalcemia leads to diminished neuromuscular activity, including muscle weakness 

and mental confusion (Bilezikian et al., 2005). Hypocalcemia can present neuromuscular 
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symptoms such as twitching and spasms, as well as heart failure and altered mental status 

(Shoback, 2008). Long-term Ca2+ deficiency can lead to rickets and osteoporosis (Suzuki 

et al., 2008b).  

1.3.2 Epithelial calcium absorption 

Ca2+ absorption occurs in several epithelial tissues, including the intestine, kidney, 

placenta, and mammary glands, as well as gills in fish. In the vertebrate transport 

epithelia, Ca2+ absorption from lumen to blood happens through two routes. When Ca2+ 

concentration in the lumen is high enough, paracellular transport can work following the 

transepithelial Ca2+ gradient. When the lumen Ca2+ level is low, transcellular transport 

plays a major role in active Ca2+ uptake (Hoenderop et al., 2005). 

Paracellular transport is a passive process driven by the electrochemical gradient 

of Ca2+. It is mediated through the selective permeable tight junction between the 

epithelial cells (Schneeberger and Lynch, 2004; Van Itallie and Anderson, 2006).  

The transcellular transport pathway is composed of three steps (Fig. 1.4): Ca2+ 

entry across the apical membrane, Ca2+ transport inside of the cell, and Ca2+ extrusion 

across the basolateral membrane.  

Apical Ca2+ entry is a passive process following the electrochemical gradient 

because of the extremely low intracellular free Ca2+ concentration (~ 100 nM) and 

hyperpolarization of the membrane. Apical influx is considered rate-limiting because its 

rate is coupled in a 1:1 ratio to that of transcellular transport (Raber et al., 1997). 

Epithelial Ca2+ channels TRPV5/TRPV6 (Hoenderop et al., 1999; Peng et al., 1999) 

mediate the first step. TRPV5 is highly expressed in the kidney. TRPV6 is expressed 

more in the intestine than in kidney. It is also present in other tissues, including the 
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pancreas, placenta, skin, mammary, and exocrine glands (Suzuki et al., 2008b). (See 1.3.3 

for more information) 

Cytosolic Ca2+ diffusion is mediated by the Ca2+ carrier proteins calbindin-D9K/-

D28K (Darwish et al., 1987; Wilson et al., 1985). They belong to the EF-hand Ca2+-

binding protein superfamily including calmodulin, troponin C, and S100 protein 

(Kawasaki et al., 1998). Calbindins are important for keeping the cytosolic free Ca2+ level 

low, so that the apical channels TRPV5/TRPV6 are not inactivated and Ca2+ signaling 

events in the cell are not induced. The binding kinetics of these Ca2+-binding proteins are 

relatively slow, thus making the rapid intracellular Ca2+ signaling independent of the Ca2+ 

transport (Koster et al., 1995). Calbindin-D9K is highly expressed in the intestine (as well 

as the kidney in mouse), while calbindin-D28K is present in the kidney, pancreas, placenta, 

bone, and brain (as well as the intestine in birds) (Hoenderop et al., 2005).  

Basolateral Ca2+ extrusion is an active process that is energy consumptive. Two 

proteins, the Na+/Ca2+ exchanger (NCX1) (Komuro et al., 1992) and the plasma 

membrane Ca2+-ATPase (PMCA1b) (Brandt et al., 1992; Strehler and Zacharias, 2001) 

are thought to function. NCX1 belongs to a family of ion transporters that can mostly 

extrude 1 Ca2+ for 3 extracellular Na+, using the Na+ gradient and the electrical potential 

across the plasma membrane as an energy source (Blaustein and Lederer, 1999). NCX1 is 

broadly expressed in many tissues, while NCX2 and NCX3 are only expressed in the 

brain and skeletal muscle (Lytton, 2007). PMCA1b, resulting from alternative splicing, is 

the predominant isoform of PMCA1 and is abundantly expressed in the intestine and 

kidney (Strehler and Zacharias, 2001). NCX1 and PMCA1b work together in basolateral 

Ca2+ extrusion (Hoenderop et al., 2005).  
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1.3.3 TRPV5/TRPV6 channels 

TRPV5 and TRPV6 belong to the transient receptor potential (TRP) channel 

family, a group of ion channels with sequence homology but diverse functions (Clapham, 

2003). By functional expression cloning using a kidney/intestine cDNA library in 

Xenopus laevis oocytes, their cDNAs were identified to encode apical Ca2+ influx 

channels that mediate Ca2+ absorption (Hoenderop et al., 1999; Peng et al., 1999). The 

encoded proteins contain six transmembrane domains (TM) and cytoplasmic N- and C-

terminus. The 6TM subunits are assembled as tetramers to form a cation-permeable pore 

(Hoenderop et al., 2003b). The short hydrophobic stretch between TM5 and TM6 is 

predicted to be the pore formation region and renders Ca2+ selectivity (Nilius et al., 

2001b). The N-terminus contains several ankyrin repeats. There are also several PDZ 

motifs and putative protein kinase A (PKA) and protein kinase C (PKC) phosphorylation 

sites in the N- and C-terminus.  

Three unique features of TRPV5/TRPV6 compared with other TRP channels have 

been described: 1) highly Ca2+-selective: Most TRP channels are nonselective with 

PCa/PNa≤10. However, TRPV5 and TRPV6 show PCa/PNa>100. 2) almost completely 

inwardly rectifying: Cation flow (positive charge) passes through the channel in the 

inward direction into the cell. 3) constitutively open: Most TRP channels are inactive 

until stimulated by the G-protein-coupled receptor and receptor tyrosine kinase, 

temperature, or mechanical stress. TRPV5/TRPV6, however, are constitutively open in 

the generally used overexpression systems when intracellular Ca2+ concentration is low 

and cells are hyperpolarized and there is no blockage by Ca2+ and Mg2+ (Clapham, 2003; 
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Hoenderop et al., 2005) . These properties support the Ca2+ uptake function of 

TRPV5/TRPV6. 

TRPV5/TRPV6 expression can be rapidly regulated by hormones at the 

transcriptional level. 1,25-(OH)2D3 increases TRPV5/TRPV6 expression by 

transcriptional activation (Hoenderop et al., 2001; Song et al., 2003b; Wood et al., 2001), 

likely through the vitamin D receptor response elements (VDREs) on the gene promoter 

(Meyer et al., 2006; Wang et al., 2005). PTH induces TRPV5/TRPV6 expression through 

a vitamin D-dependent mechanism. It activates 1α-hydroxylase to increase 1,25-(OH)2D3 

production (Hoenderop et al., 2005). Estrogen upregulates TRPV6 (and to a less degree 

TRPV5) expression through VDR-independent mechanisms (Van Abel et al., 2002; van 

Abel et al., 2003; Van Cromphaut et al., 2003). TRPV5/TRPV6 activity is also regulated 

by posttranslational modification. Klotho activates TRPV5 by hydrolysis of its 

extracellular N-linked oligosaccharides (Chang et al., 2005). There are several putative 

PKA and PKC phosphorylation sites in TRPV5/TRPV6 (Hoenderop et al., 1999; Peng et 

al., 1999). Recent studies show that ATP and phosphorylation regulate channel activity 

(Al-Ansary et al., 2010; Sternfeld et al., 2007) and membrane abundance (Sopjani et al., 

2010). Several associated proteins for TRPV5/ TRPV6, including calmodulin (Niemeyer 

et al., 2001), S100A10 (van de Graaf et al., 2003), 80K-H (Gkika et al., 2004), BSPRY 

(van de Graaf et al., 2006c), RGS2 (Schoeber et al., 2006), NHERF4 (van de Graaf et al., 

2006b), and cyclophilin B (Stumpf et al., 2008) have been shown to regulate channel 

function.  
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1.3.4 Function of TRPV5/TRPV6 

Studies in mice provide valuable lessons on how the epithelial Ca2+ channels 

function in vivo. Trpv5 KO mice have normal body weight and ionized serum Ca2+ levels 

on a regular 1% Ca2+ diet. However, they show hypercalciuria, reduced bone thickness, 

and upregulated intestinal TRPV6 expression (Hoenderop et al., 2003a). The 

hypercalciuria is due to defective renal reabsorption, and it is independent of intestine 

absorption because it persists on a Ca2+ deficient diet. The serum 1,25-(OH)2D3 level in 

KO mice is significantly elevated, which may explain the stimulative effect on the 

intestine to upregulate TRPV6 and calbindin-D9K. The reduced bone thickness may be 

due to abnormal bone reabsorption since TRPV5 is required for osteoclast function (van 

der Eerden et al., 2005).  

Trpv6 KO mice show a more severe phenotype than Trpv5 KO mice. Although 

the KO also affects the neighboring gene, EphB6, which is required for T cell function 

(Luo et al., 2004), the authors claimed that the phenotype observed is not related to 

EphB6 (Bianco et al., 2007). The animals weigh smaller than wild type adults on a 

regular 1% Ca2+ diet, and they show defective intestine absorption, reduced bone mineral 

density, and hypercalciuria. The defective intestine absorption is due to failure in active 

Ca2+ absorption, and the animals develop hypocalcemia on a low-Ca2+ diet. Their serum 

PTH and 1,25-(OH)2D3 levels are higher than the control, which may explain the 

stimulative effect on bone reabsorption that leads to bone loss. The reason for 

hypercalciuria is not clear. A possible explanation could be increased bone loss that 

increases serum Ca2+ concentration, or perhaps TRPV6 is also involved in renal 

reabsorption. Interestingly, 20% of TRPV6 KOs developed alopecia/dermatitis, which 
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suggests a role of TRPV6 in the skin. TRPV6 KOs also show defective maternal-fetal 

Ca2+ transport in the placenta (Suzuki et al., 2008a). 

Studies in Trpv6 KO mice suggest that other pathways also mediate intestinal 

Ca2+ absorption besides TRPV6. In Trpv6 KO mice, 1,25-(OH)2D3 can still stimulate 

Ca2+ absorption in vivo (Kutuzova et al., 2008). This may be due to a stimulatory effect of 

1,25-(OH)2D3 on paracellular Ca2+ transport. Moreover, using the everted gut sac method, 

it has been shown that active intestinal Ca2+ transport still occurs in TRPV6/calbindin-

D9K double-KO mice, albeit at a reduced rate, suggesting that other pathways may be 

involved in active Ca2+ absorption in the intestine (Benn et al., 2008).  

Interestingly, TRPV6 is also expressed in tissues other than the intestine, and its 

level is high in some cancer cells but low in normal cells. Examples for such TRPV6 

expression include prostate (Fixemer et al., 2003; Peng et al., 2001b; Wissenbach et al., 

2001), breast (Bolanz et al., 2008), and others tissue malignancies (Zhuang et al., 2002). 

In LNCaP human prostate cancer cells, siRNA knockdown of TRPV6 decreased cell 

proliferation and increased apoptosis (Lehen'kyi et al., 2007). However, it is not clear 

whether the upregulation of TRPV6 is a primary cause of the malignancy or a secondary 

mechanism for maintaining a higher proliferation rate in the cancer cells. 

1.3.5 Dietary regulation  

Due to the daily loss in renal excretion, adults must gain Ca2+ supplement from 

their diet. The amount of Ca2+ in daily food intake may vary, and physiological 

adaptations occur to accommodate the difference in dietary intake. When mice are raised 

on a 0.02% low-Ca2+ diet compared with a 1.1% normal-Ca2+ diet, their serum total Ca2+ 

level shows a 27% reduction. There is a 6-fold increase in TRPV6 expression level in the 
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intestine, while TRPV5 expression in the kidney does not change (Van Cromphaut et al., 

2001). Similar observations have been made in another study: mice raised on a 0.02% 

low-Ca2+ diet showed a 30-fold increase in intestinal TRPV6 expression compared with 

the group raised on a 1% normal-Ca2+ diet, while minor changes occur in renal TRPV5 

and TRPV6 (Song et al., 2003b). Both vitamin D-dependent (Song et al., 2003b) and –

independent pathways (Song et al., 2003a) have been proposed. The vitamin D-dependent 

pathway may be explained by the VDREs in the gene promoter (Meyer et al., 2006; 

Wang et al., 2005), while the independent pathway may be explained by unidentified 

Ca2+ responsive elements in the promoter (Hoenderop et al., 2005). Dietary Ca2+ also 

stimulates intestinal Ca2+ absorption through TRPV6-independent mechanisms (Benn et 

al., 2008).  

High dietary Ca2+ also has a beneficial effect in correcting vitamin D deficiency-

induced hypocalcaemia. 1α-hydroxylase KO mice (Dardenne et al., 2001) fed a 1.1% 

normal-Ca2+ diet have higher serum PTH and lower serum Ca2+. A 2% high-Ca2+ diet 

normalizes serum Ca2+ in these mice and upregulates expression of TRPV6 in the 

intestine (van Abel et al., 2003) as well as TRPV5 in the kidney (Hoenderop et al., 2002). 

More importantly, rickets and osteomalacia are cured by the 2% high-Ca2+ diet in those 

1α-hydroxylase KO mice (Dardenne et al., 2003). Vdr KO mice fed a 1.1% normal-Ca2+ 

diet had higher serum PTH and 1,25-(OH)2D3, and lower serum Ca2+. A 2% high-Ca2+ 

rescue diet normalized serum Ca2+ as well as PTH and 1,25-(OH)2D3 (Van Cromphaut et 

al., 2001). In another study, Vdr KO mice fed a 0.5% Ca2+ diet had higher serum PTH 

and 1,25-(OH)2D3, and lower serum Ca2+. A 2% Ca2+ rescue diet normalized plasma Ca2+ 

but not PTH or 1,25-(OH)2D3 (Song et al., 2003a). In both Vdr KO studies, different from 
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the 1α-hydroxylase KO ones, high-Ca2+ diet reduces intestinal TRPV6 expression while 

renal TRPV5 level does not change significantly. 

Dietary Ca2+ has been implicated in disease treatments, but its exact role is not 

well understood. High dietary Ca2+ shows a preventive effect on colon tumors 

(Lamprecht and Lipkin, 2003). However, its effect is complex, since it reduces colon cell 

proliferation in normal tissue but may become tumor-promoting during carcinogenesis 

(Whitfield, 2009). A high-Ca2+ diet was suggested to reduce the risk of osteoporosis, 

while a low-Ca2+ diet was recommended to avoid kidney stone formation. Recent studies, 

however, suggest that these recommendations may be wrong (Borghi et al., 2002; 

Feskanich et al., 2003). 

1.4 IGF and calcium homeostasis 

1.4.1 Role of IGF signaling in calcium homeostasis 

Although studies of IGF signaling in epithelial Ca2+ transport in mammalian 

intestine and kidney are lacking, IGF2 has been implicated in regulating fetal Ca2+ supply 

in the mouse placenta. IGF2 is specifically expressed in the labyrinthine trophoblast of 

the placenta under its P0 promoter, and P0 deletion leads to reduced of placental growth 

followed by fetal growth restriction (Constancia et al., 2002). Interestingly, placental-

specific Igf2 KO mouse embryos showed a reduction in total Ca2+ content at E17 

followed by a compensatory adaptation at E19 (Dilworth et al., 2010).  

IGF signaling functions in bone growth and remodeling and has been implicated 

in osteoporosis (Giustina et al., 2008; Niu and Rosen, 2005). Targeted overexpression of 

Igf1 in osteoblasts increases bone volume without affecting the total number of 

osteoblasts or osteoclasts (Zhao et al., 2000). Osteoblast-specific KO of Igf1r leads to a 
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significant decrease in the rate of bone mineralization despite an unexpected osteoblast 

and osteoclast hyperactivity (Zhang et al., 2002). Als and liver Igf1 double KO mice 

exhibit significantly reduced bone thickness and bone mineral density, suggesting that 

circulating IGF1 is necessary for normal bone growth (Yakar et al., 2002). 

A role of IGF1 in regulating ion transport across the epithelia has been proposed 

in fish studies. GH and IGF1 have been shown to be important for seawater adaptation. 

When transferred to seawater, their gene expression levels increase, and injecting GH and 

IGF1 increases salinity tolerance. In fish gills, it has been shown that GH and IGF1 

stimulate the number and/or size of chloride cells. GH and IGF1 also increase gill 

Na+/K+-ATPase activity and/or expression level (Evans, 2002; McCormick, 2001). 

IGF1 regulates Ca2+ signaling by different mechanisms. In skeletal muscle, local 

IGF1-induced muscle hypertrophy is mediated through calcineurin, a Ca2+/calmodulin-

regulated protein phosphatase. IGF1 activates the calmodulin-binding catalytic subunit, 

calcineurin A, which then activates the transcription factor NFAT (Musaro et al., 1999; 

Semsarian et al., 1999). IGF1 may be involved in regulating TRPV5/TRPV6 channel 

translocation. A number of TRP channel activities are regulated by channel trafficking 

upon stimuli (Bahner et al., 2002; Singh et al., 2004). IGF1, as well as epidermal growth 

factor (EGF), triggers TRP channel (TRPV1, TRPV2 and TRPC5) activity by increasing 

its membrane abundance (Bezzerides et al., 2004; Kanzaki et al., 1999; Van Buren et al., 

2005). IGF1 and EGF trigger channel translocation at different speeds, suggesting that 

the intracellular pathways involved may not be the same. Moreover, Rab11a, a Rab 

GTPase involved in vesicle trafficking, has been shown to target TRPV5/TRPV6 to the 

plasma membrane (van de Graaf et al., 2006a).  
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1.4.2 Role of calcium in regulating growth factor signaling 

Ca2+ signaling regulates exocytosis and production of some growth factors. 

Elevation of intracellular Ca2+ level stimulates insulin release from the secretory granule 

in β-cells (Wollheim and Sharp, 1981). In keratinocytes, TRPV3 mediated Ca2+ influx 

stimulates TGF-α release, leading to activation of the EGF receptor (Cheng et al., 2010).  

Ca2+ influx is also associated with activation of some growth factor receptors and 

the MAPK or Akt pathway. In PC12 cells, Ca2+ influx through voltage-sensitive Ca2+ 

channels leads to MAPK activation (Rosen et al., 1994). In vascular smooth muscle cells, 

Angiotensin II induces Ca2+-dependent activation of the EGF receptor, leading to MAPK 

activation (Eguchi et al., 1998). Studies of intracellular Ca2+ signaling-induced Akt 

phosphorylation in cultured cells showed some inconsistent results. In Balb/c-3T3 

fibroblasts, depletion of intracellular Ca2+ by EGTA pretreatment has no effect on EGF-

induced Akt activation, but it completely abolishes S6K stimulation. Induction of 

intracellular Ca2+ by ionomycin or thapsigargin results in a full activation of S6K but 

little or no change of Akt (Conus et al., 1998). In some breast cancer cells, inhibiting 

calmodulin by its antagonist W-7 abolishes growth factor stimulated Akt phosphorylation 

(Coticchia et al., 2009). 

Extracellular Ca2+ can also change intracellular signaling pathways. A model 

involving CaSR signaling has been proposed (Lamprecht and Lipkin, 2003; Whitfield, 

2009). However, the cellular responses and molecular mechanisms are controversial. 

Low extracellular Ca2+ has been shown to induce cell proliferation in colon cells both in 

vitro and in vivo (Buset et al., 1986; Kallay et al., 1997). In rat fibroblasts, high 

extracellular Ca2+ stimulates MAPK phosphorylation and cell proliferation (McNeil et al., 
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1998). In H-500 rat Leydig cancer cells, high extracellular Ca2+ increases cell 

proliferation and survival through the PI3K/Akt and p38 MAPK but not MEK/MAPK 

pathways (Tfelt-Hansen et al., 2004). 

1.5 The zebrafish model  

1.5.1 General features of the zebrafish model 

Zebrafish (Danio rerio) is a teleost fish of the minnow family (Cyprinidae) in the 

class of ray-finned fish (Actinopterygii). They have a life cycle of 3-5 years, reaching 

sexual maturity in 3-4 months (Kishi et al., 2003). They have several advantageous 

features as a model organism. First, is their rapid ex utero embryogenesis. The embryos 

hatch within 72 hours post fertilization, and they can consume their yolk ball and remain 

unfed for 5-7 days. Secondly, embryos are optically transparent, and pigmentation can be 

inhibited to maintain transparency during the early larval stage. A third feature is their 

high fecundity (100-200 embryos per mating).  

Zebrafish were initially introduced as a model organism by George Streisinger 

approximately 30 years ago, aiming to establish a vertebrate model that could allow the 

application of genetic and embryological methods (Streisinger et al., 1981). Early large-

scale forward genetics screenings using N-ethyl-N-nitrosourea (ENU)-induced 

mutagenesis were performed by Christiane Nüsslein-Volhard and Wolfgand Driever and 

colleagues, yielding 2,000 mutants (1996). Detailed embryonic developmental stages 

were characterized (Kimmel et al., 1995), and powerful tools such as cell lineage tracing 

(Kimmel and Warga, 1986), single cell ablation (Eisen et al., 1989), and transplantation 

(Eisen, 1991) have been developed to study cellular processes during early 

embryogenesis.  
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Disadvantages of the zebrafish model are due to its genome complexity and lack 

of methods for embryonic stem cell-based gene KO. The genome project has reached a 

nearly completed draft (http://www.sanger.ac.uk/Projects/D_rerio/). Targeted 

mutagenesis using CEL-I-mediated heteroduplex cleavage (TILLING) and subsequent 

resequencing (Wienholds et al., 2003) or zinc finger nucleaus (Foley et al., 2009), are 

being developed. Antisense morpholinos (MOs) can generate valuable information in 

loss-of-function analysis, especially during the early stages (Eisen and Smith, 2008). 

siRNAs, however, seem to have largely nonspecific effects (Oates et al., 2000). 

Furthermore, transgenesis is made much easier using the transposable elements (Urasaki 

et al., 2006). 

Taking advantage of the features of the zebrafish model, several powerful 

methods have been developed. The transparency and ex utero development allows non-

invasive real-time imaging to monitor the biological events in vivo (Lawson and 

Weinstein, 2002). The great conservation of the signaling pathways and the easy 

accessibility to a large number of individuals make zebrafish an appealing model for drug 

discovery (Zon and Peterson, 2005). 

1.5.2 Zebrafish as a model to study IGF signaling 

Studies in zebrafish have provided valuable lessons on the function of IGF 

signaling in vivo. The components of the IGF system, including the IGF ligands, 

receptors, and IGFBPs, are conserved in zebrafish (Wood et al., 2005a). Perhaps the most 

intriguing findings using the zebrafish model come from the studies of IGFBPs. In mice, 

minor overall growth deficiency is observed in single Igfbp KO mice (Igfbp1, -2, -3, -4, -

5) (Leu et al., 2003; Ning et al., 2007; Wood et al., 2000). This may be due to functional 
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redundancy and compensation, since single Igfbp KO resulted in upregulation of its 

homolog expression in adult serum (Ning et al., 2007; Wood et al., 2000). Moreover, 

characterization of early development in mice is difficult due to intrauterine development 

of the embryos. In zebrafish, however, gene expression pattern during embryogenesis can 

be characterized in great detail, and their functions can be addressed specifically. For 

example, zebrafish Igfbp1a is expressed throughout the body during early embryogenesis. 

It is strongly induced in hypoxia, and both gain- and loss-of-function analyses establish 

its role in causing hypoxia-induced growth retardation (Kajimura et al., 2005). Igfbp2a is 

expressed in lens epithelium and cranial boundary regions during early embryonic 

development. Targeted knockdown of Igfbp2a results in a series of abnormalities, 

including delayed development, reduced blood circulation, and specific angiogenic 

defects (Wood et al., 2005b). Igfbp3 is expressed in migrating cranial neural crest cells, 

pharyngeal arches and the developing inner ears in zebrafish embryos. MO knockdown 

and mRNA rescue approaches demonstrate that Igfbp3 positively regulates pharyngeal 

skeleton morphogenesis and inner ear development (Li et al., 2005). 

A special feature using the zebrafish model to study IGF signaling is that the 

components of the IGF system are largely duplicated, including IGF1, IGF2, IGF1R, 

IGFBP1, IGFBP2, and IGFBP6 (Kamei et al., 2008; Schlueter et al., 2006; Wang et al., 

2009a; Zhou et al., 2008; Zou et al., 2009). This could be a problem because of the 

increased complexity. However, it may be potentially beneficial, since functional 

diversification may have reduced the pleiotropic effect, thus allowing us to dissect the 

function of a gene with fewer complications. 
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1.5.3 Zebrafish as a model to study epithelial calcium transport  

Zebrafish gill and embryonic skin are functionally equivalent to mammalian 

transport epithelia. A model of transcellular Ca2+ transport in fish similar to that in 

mammals has been proposed (Flik et al., 1995). However, variations exist between the 

mammalian and zebrafish model in epithelial Ca2+ transport: 

First of all, since fish live in an aquatic environment, they face a greater challenge 

of ion-water balance than their terrestrial counterparts. They have a specialized organ, the 

gill, for epithelial ion transport (Hwang and Lee, 2007). In freshwater fish, >95% of the 

whole body Ca2+ uptake is estimated to occur in the gill (Flik et al., 1985). In the 

zebrafish embryos and early larvae when the gill is not developed, cells involved in Ca2+ 

uptake locate on the yolk sac skin (Pan et al., 2005).  

Second, the tissue composition and cell types in mammalian and zebrafish 

transport epithelia are different. In rat intestine, Trpv6 is expressed higher in the tips of 

the villi than in the crypts (Peng et al., 1999), suggesting that it is expressed in the 

enterocytes (also called columnar cells or absorptive cells). Enterocytes and secretory 

cells originate from the stem cells lying in the crypt base (Crosnier et al., 2006). The stem 

cells give rise to transit amplifying cells, which generate enterocytes (also contain 

subtypes) and three classes of secretory cells. Notch signaling mediates the cell fate 

choice between enterocytes and secretory cells (Crosnier et al., 2005; Jensen et al., 2000). 

In zebrafish, trpv6-expressing cells constitute a subset of Na+/K+-ATPase rich (NaR) 

cells in the skin (Pan et al., 2005). These NaR cells, together with H+-ATPase rich (HR) 

cells, originate from skin ionocyte precursors during embryogenesis. Bmp, notch-delta 
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signaling, and Foxi3 transcription factors control the cell fate choice between ionocytes 

and keratinocytes (Hsiao et al., 2007; Janicke et al., 2007). 

Third, divergence in the genome occurred during evolution. In mammals, two 

genes, TRPV5 and TRPV6, likely originated from a recent gene duplication event because 

they locate on the same chromosome adjacent to each other. In fish, only one trpv6 gene 

has been identified (Pan et al., 2005; Peng et al., 2001a; Qiu and Hogstrand, 2004). In 

other cases, functional substitution of paralogues may occur. For example, in mammals, 

PMCA1b is suggested to be involved in basolateral Ca2+ extrusion, while in zebrafish, 

pmca2, but not pmca1a, co-expresses with trpv6.  

Due to these differences, zebrafish skin/gill ionocytes serve as an appealing 

comparative model to study the function of epithelial Ca2+ transport: First, it is easy to 

challenge the water-ion balance. An interesting phenomenon of low-Ca2+ water 

adaptation in fish is that the number of chloride cells/mitochondria-rich cells/trpv6-

expressing NaR cells increases (McCormick et al., 1992; Pan et al., 2005; Perry and 

Wood, 1985), although the underlying mechanism is not clear. Second, due to the 

localization of the NaR cells on the skin of zebrafish embryos and larvae, it is readily 

accessible for experimental observation and manipulation. Furthermore, due to the more 

advanced genome and methodologies compared with other fish models, zebrafish are also 

becoming a good model for studying molecular mechanisms in fish physiology. 

1.6 Project summary 

In summary, the IGF research field has been active for more than 50 years, and 

recent studies are continuing to reveal the function of IGF signaling in new areas. 

IGFBP5, being the most conserved IGF-binding protein, shows pleiotropic functions in 
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vivo, and its mechanism of action remains elusive. In the thesis study, I initiated with 

addressing the in vivo role of IGFBP5 using the zebrafish model. In chapter II, I 

characterized expression and biochemical properties of two zebrafish igfbp5 gene 

products. I found that igfbp5a and -5b are expressed in spatially restricted, mostly non-

overlapping domains during early development. The IGF binding site is conserved in 

both zebrafish Igfbp5s, and they are both secreted and capable of IGF binding. Both 

proteins contain a consensus bipartite nuclear localization signal and were found in the 

nucleus when introduced into cultured cells. While zebrafish Igfbp5b possesses 

transactivation activity, zebrafish Igfbp5a lacks this activity. Mutational analysis 

demonstrated that two unique amino acids in positions 22 and 56 of Igfbp5a are 

responsible for its lack of transactivation activity. These findings suggest that the 

duplicated zebrafish igfbp5s have evolved divergent regulatory mechanisms and distinct 

biological properties by partitioning of ancestral structural domains. 

In chapter III, I started to unravel the unique expression pattern of igfbp5a 

discovered in Chapter II. I identified the specific cell type that expresses igfbp5a to be the 

trpv6-expressing NaR cells, which mediates transcellular Ca2+ absorption across the 

epithelia. I used morpholino-modified antisense oligonucleotides to knockdown Igfbp5a, 

and I found an increased number of the NaR cells as well as elevated Ca2+ content and 

Ca2+ influx in the Igfbp5a morphants. These findings suggest that Igfbp5a functions as a 

regulator of Ca2+ homeostasis by negatively modulating the population of the NaR cells. 

The finding that igfbp5a is specifically expressed in the trpv6-expressing NaR 

cells prompted me to ask whether IGF signaling may play a role in epithelial Ca2+ 

absorption. In fish, low-Ca2+ acclimation triggers the increase of the NaR cells, but the 
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mechanism is not clear. In chapter IV, I started with the finding that the number of 

igfbp5a and trpv6 co-expressing NaR cells increases dramatically in low-Ca2+ water. 

Intrigued by this finding, I studied the role of IGF signaling in the NaR cells under low-

Ca2+ acclimation. I found that the increased cell number in low-Ca2+ water results from 

elevated cell proliferation. IGF1R downstream Akt signaling is specifically activated 

upon low-Ca2+ treatment, while inhibition of IGF1R or PI3K abolished the low-Ca2+-

induced increase of the NaR cells. Furthermore, low-Ca2+ acclimation increases the 

mRNA levels of one of the IGF1R ligands, igf2a. This study revealed a new role of 

IGF/PI3K/Akt signaling in Ca2+ homeostasis by regulating the proliferation of the NaR 

cells in the vertebrate transport epithelia. 



 

 

Figure 1.1 IGF1R signal transduction pathways 

Ligand binding induces receptor autophosphorylation, which then activates several 

substrates including the insulin receptor substrates (IRS) 1-4 and the Src homology 

collagen (Shc). Once activated, IRS and Shc bind to growth factor receptor-bound protein 

2 (Grb2), which then recruits the guanine-nucleotide-exchange factor (Sos). This leads to 

activation of the Ras/Raf/mitogen-activated protein kinase kinase (MEK)/mitogen-

activated protein kinase (MAPK) pathway. Phosphorylated IRS also activates 

phosphatidylinositol 3-kinases (PI3K). PI3K activates phosphoinositol-dependent kinases 

(PDKs), which subsequently phosphorylate Akt. Akt activation can phosphorylate 

multiple downstream targets, including mTOR, GSK3, and Bad. IGF1R phosphorylation 

can also activate two other MAPK families, p38 and JNK. The activated IGF signaling 

leads to a series of responses depending on the cellular context. 
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Figure 1.2 Proposed mechanisms of IGFBP5 actions 

In the inhibition model, IGFBP5 sequesters IGFs from their receptors. There are two 

potentiation models, one proposes that IGFBP5 transports IGFs to their site of action 

through cell surface binding. Another model states that IGFBP5-specific proteases can 

cleave the high affinity binding protein into fragments with lower affinity for IGFs, 

thereby increasing free IGF bioavailability. Besides modulating IGF function, IGFBP5 

also has IGF- and IGF receptor-independent functions. One proposed mechanism is that 

IGFBP5 can function as a transcriptional (co)activator. Two mechanisms have been 

proposed for the nuclear entry: Endocytosis from the secreted pool or retrograde 

trafficking from the ER. A putative IGFBP5 receptor has been proposed. 
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Figure 1.3 Mechanism of Ca2+ homeostasis  

Ca2+ homeostasis is maintained by concerted actions in three organs: intestine absorption, 

kidney reabsorption, and bone turnover. When the chief cells in the parathyroid gland 

sense low serum Ca2+ concentration through the Ca2+ sensing receptor (CaSR), they 

secrete PTH, which stimulates 1,25-(OH)2D3 production in the kidney. Increased 1,25-

(OH)2D3 works on both the intestine and kidney to increase Ca2+ absorption and 

reabsorption. PTH also acts on the bone to trigger Ca2+ release. Figure is adapted from 

(Suzuki et al., 2008b).



 

 

Figure 1.4 Mechanism of epithelial Ca2+ absorption 

When Ca2+ concentration in the lumen is high enough, paracellular transport work 

through the tight junction following electrochemical gradient of Ca2+. When the lumen 

Ca2+ level is low, transcellular transport plays a major role in active Ca2+ uptake. The 

transcellular transport pathway is composed of three steps: Ca2+ entry across the apical 

membrane through the epithelial Ca2+ channels TRPV5/TRPV6, Ca2+ transport inside of 

the cell mediated by the Ca2+ carrier proteins calbindin-D9K/-D28K, and Ca2+ extrusion 

across the basolateral membrane through the Na+/Ca2+ exchanger (NCX1) and the plasma 

membrane Ca2+-ATPase (PMCA1b). Figure is modified from (Hoenderop et al., 2005; 

Suzuki et al., 2008b). 
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CHAPTER 2 
 

Duplicated zebrafish insulin-like growth factor binding protein-5 genes with 
split functional domains: Evidence for evolutionarily conserved IGF binding, 

nuclear localization, and transactivation activity1  
 

2.1 Abstract 

Insulin-like growth factor binding protein (IGFBP)-5 is a secreted protein that 

binds to IGF and modulates IGF actions. IGFBP-5 is also found in the nucleus of 

mammalian cells and has transactivation activity. The structural basis of this 

transactivation activity and its role in mediating IGF-independent actions are not clear. 

Here we report that there are two igfbp-5 genes in zebrafish and other teleost fish. In 

zebrafish, igfbp-5a and -5b are expressed in spatially restricted, mostly non-overlapping 

domains during early development. The IGF binding site is conserved in both zebrafish 

IGFBP-5s, and they are both secreted and capable of IGF binding. Both proteins contain 

a consensus bipartite nuclear localization signal and were found in the nucleus when 

introduced into cultured cells. While zebrafish IGFBP-5b possesses transactivation 

activity, zebrafish IGFBP-5a lacks this activity. Mutational analysis demonstrated that 

two unique amino acids in positions 22 and 56 of IGFBP-5a are responsible for its lack of 

transactivation activity. These findings suggest that the duplicated zebrafish IGFBP-5s 

have evolved divergent regulatory mechanisms and distinct biological properties by 

                                                 
 

1 This chapter is published in FASEB J. 2010 Jun; 24(6):2020-9. 
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partitioning of ancestral structural domains and provide new evidence for a conserved 

role of the IGF binding, nuclear localization, and transactivation domain of this 

multifunctional IGFBP. 

2.2 Introduction 

Regulation of peptide growth factor actions by secreted binding proteins has 

emerged as a common mechanism in cellular signaling. Among the most extensively 

studied examples are the insulin-like growth factor binding proteins (IGFBPs). Six 

distinct IGFBPs, designated as IGFBP-1 to -6, have been characterized in humans and 

other mammals (Duan and Xu, 2005; Firth and Baxter, 2002). These IGFBPs bind to 

IGFs with equal, or even greater, affinities than do the IGF-1 receptors (IGF-1R), and 

modulate the distribution, stability, and biological activities of IGFs.  

IGFBP-5 is the most conserved member of the IGFBP family. Mammalian 

IGFBP-5 has a highly conserved N-domain where the primary ligand binding domain 

(LBD) is located (Kalus et al., 1998), and a conserved C-domain containing a nuclear 

localization signal (NLS) (Firth and Baxter, 2002; Schedlich et al., 2000). The central 

variable linker (L) domain contains several posttranslational modification sites. Studies 

have suggested that IGFBP-5 is a multi-functional protein. In the blood, IGFBP-5 can 

form a ternary complex with IGF and the acid labile subunit (ALS). This ternary complex 

controls the efflux of IGFs from the vascular space and prolongs the half-lives of IGFs 

(Firth and Baxter, 2002). In cultured cells, IGFBP-5 has been shown to inhibit IGF 

activities by binding to IGF and inhibiting IGF binding to the cell surface IGF-1 receptor 

(IGF-1R) (Rozen et al., 1997). IGFBP-5 has also been shown to potentiate IGF actions 

via its interactions with extracellular matrix (ECM) components (Mohan et al., 1995; 
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Parker et al., 1998; Ren et al., 2008). Recent studies suggest that IGFBP-5 itself can act 

as a growth factor with cellular effects that are not dependent on its IGF-binding ability 

(Abrass et al., 1997; Berfield et al., 2000; Hsieh et al., 2003; Miyakoshi et al., 2001). In 

addition to these findings based on studies in various mammalian cell culture systems, 

recent mouse genetic studies have begun to shed light on the IGF-dependent and -

independent actions in vivo (Ning et al., 2007; Salih et al., 2004; Tripathi et al., 2009).  

Despite this progress, the molecular and biochemical mechanisms underlying the 

IGF-independent actions of IGFBP-5 are still poorly understood. Recent studies suggest 

that mammalian IGFBP-5 is not only secreted but can also be found in the nucleus and 

has the ability to interact with nuclear proteins (Amaar et al., 2002; Jaques et al., 1997; Li 

et al., 1997; Schedlich et al., 2000; Schedlich et al., 1998; Xu et al., 2004). Furthermore, 

the IGFBP-5 N-domain has been shown to have a functional transactivation (TA) domain 

that is separable from its IGF binding site (Xu et al., 2004; Zhao et al., 2006). The in vivo 

roles of the nuclear IGFBP-5 and its transactivation domain in mediating the IGF-

independent actions, however, are not clear. Addressing this issue using the mouse model 

is difficult due to the redundancy issues inherited with the mammalian systems and 

because of the multiple functionality nature of IGFBP-5. 

Like in mammals, the IGF signaling systems in teleosts are composed of IGF 

ligands, receptors, and IGFBPs (Wood et al., 2005a). Recent studies have suggested that 

many teleost fish, including zebrafish, experienced an additional genome wide 

duplication event (Postlethwait et al., 2004; Taylor et al., 2003). For instance, there are 

two functional genes for IGF-1R, IGFBP-1, IGFBP-2, and IGFBP-6 in zebrafish (Kamei 

et al., 2008; Maures et al., 2002; Schlueter et al., 2006; Wang et al., 2009a; Zhou et al., 
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2008). In this study, we present evidence that zebrafish and several other fishes possess 

two functional igfbp-5 genes. Exploiting the availability of two zebrafish IGFBP-5s, we 

show that the duplicated zebrafish IGFBP-5s have evolved distinct biological properties 

by partitioning of ancestral structural domains such as the TA domain. 

2.3 Result 

2.3.1 Identification of two igfbp-5 genes in zebrafish and other teleost fish species 

By searching public databases, screening a cDNA library, and performing 5’- and 

3’-RACE experiments, we identified and cloned two distinct zebrafish genes (GenBank 

accession number GQ892882 and AY100478). For reasons evident thereafter, we termed 

them as igfbp-5a and -5b and the encoded proteins as IGFBP-5a and -5b. As shown in 

Fig. 2.1A, zebrafish IGFBP-5a has a putative signal peptide of 19 amino acids (aa) and a 

mature protein of 249 aa. IGFBP-5b has a putative signal peptide of 17 aa and a mature 

protein of 248 aa. Comparison of the two zebrafish IGFBP-5 sequences with six human 

IGFBPs revealed that they share the highest sequence identities with that of human 

IGFBP-5 (47%-52%, see Table 2.4). Their sequence identities to human IGFBP-3 are 

36% and 37%, and around 30% to other human IGFBPs. There is a typical IGFBP motif 

in the N-domain and a thyroglobulin type-1 repeat in the C-domain in both zebrafish 

IGFBP-5s. Both proteins contain a consensus LBD motif (Kalus et al., 1998) in their N-

domain and a NLS motif (Schedlich et al., 2000) in the C-domain (Fig. 2.1A).  

Phylogenetic analysis grouped both proteins into the IGFBP-5 subgroup (Fig. 

2.1B). The two zebrafish igfbp-5 genes also share similar exon/intron organization with 

the human IGFBP-5 gene: they all contain 4 exons and 3 introns (Fig. 2.1C). While 

zebrafish igfbp-5a is located on LG6, igfbp-5b is on LG9. The two zebrafish igfbp-5 
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genes are adjacent to the two previously reported igfbp-2 genes (Zhou et al., 2008), 

arranged in a tail to tail fashion (Fig.2.1D). This is very similar to the situations in the 

human and mouse genomes (Beattie et al., 2006).  

To determine whether there are two igfbp-5 genes in other teleost fish, we 

searched the fugu, stickleback, medaka, and tetraodon genome databases, and found that 

they all contain two igfbp-5 genes. Again, the two igfbp-5 genes are adjacent to two 

igfbp-2 genes in a tail to tail fashion in all these teleost genomes (Fig. 2.1D). Likewise, 

there are several other syntenic genes (TNS1, STK11IP, SLC4A3) (Fig. 2.1D). 

Phylogenetic analysis indicated that the duplication of the igfbp-5a/b subfamily likely 

originated from a genome duplication event occurred early during ray-fin fish evolution 

(Fig. 2.1E). 

2.3.2 The duplicated igfbp-5 genes exhibit distinct expression patterns  

As shown in Fig. 2.2A, in adult tissues, igfbp-5a mRNA was detected in brain and 

gill at high levels. It was also detected in eye, heart, gut, kidney and gonad, but not in 

liver and muscle (Fig. 2.2A). In comparison, igfbp-5b mRNA was expressed in all adult 

tissues examined. There were no obvious gender differences (Fig. 2.2A). During early 

development, igfbp-5a mRNA was not detectable until 14 hours post fertilization (hpf). It 

gradually increased from 14 to 72 hpf and was maintained at high levels thereafter (Fig. 

2.2B). igfbp-5b mRNA was detected at low levels in 8 hpf embryos. Starting from 12 hpf, 

igfbp-5b mRNA levels maintained at high levels thereafter (Fig. 2.2B). The results of 

whole mount in situ hybridization analysis are shown in Fig. 2.2C and D. igfbp-5a 

mRNA was first detected at 20 hpf in a small number of cells on the surface of the yolk 

sac and yolk tube and this became more evident at 36 hpf (Fig. 2.2C, panel a). The 
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number of igfbp-5a mRNA expressing cells increased as the embryos grew (Fig. 2.2C, 

panel b). At 96 and 120 hpf, igfbp-5a mRNA was also highly expressed in cells spreading 

in the gill filament regions (Fig. 2.2C, panel c). igfbp-5a mRNA was also detected in a 

small number of cells located within the inner ear (Fig. 2.2C, panels d-f). In contrast, 

igfbp-5b mRNA was primarily detected in differentiating somites, gill arches, pectoral fin, 

and in some neural tissues (Fig. 2.2D). Its expression in the somites disappeared at 60 hpf 

(Fig. 2.2D, panel b). At 36 and 48 hpf, igfbp-5b mRNA was also highly expressed in the 

epithelial cells in the otic vesicles (panels c and d). In larvae (120 hpf), igfbp-5b mRNA 

was detected in the layers of cells surrounding the gill cartilage (Fig. 2.2D, panel e) and 

some cells in the brain (Fig. 2.2D, panel f). These results suggest that the two igfb-5 

genes are expressed in non-overlapping domains during development. 

2.3.3 Both IGFBP-5a and -5b are secreted proteins and they both bind to IGF and 

modulate IGF actions 

To test whether zebrafish igfbp-5a and/or -5b encode functional IGFBPs, 

recombinant zebrafish IGFBP-5a, -5b, and human IGFBP-5 were produced in HEK 293 

cells and purified from the culture media. Human and zebrafish IGFBP-5s had apparent 

sizes of ~36 kDa on SDS-PAGE (Fig. 2.3A) and they were all able to bind IGF-1, as 

shown by ligand blot (Fig. 2.3A).  

We next determined the biological activities of zebrafish IGFBP-5a and -5b and 

compared them to that of human IGFBP-5. As shown in Fig. 2.3B, addition of IGF-1 to 

cultured U2OS cells caused a significant increase in cell growth. When human IGFBP-5, 

zebrafish IGFBP-5a, or zebrafish IGFBP-5b was added together with IGF-1 at a 1:1 

molar ratio, they abolished the IGF-1-induced increase. Addition of any one of these 
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IGFBP-5s alone had little effect. Similar results were also obtained in HEK 293 cells (Fig. 

2.3C). These results suggest that zebrafish igfbp-5a and -5b encode secreted proteins that 

bind IGF-1 and modulate IGF-1 actions. 

2.3.4 Both IGFBP-5a and -5b are localized in the nucleus, but only IGFBP-5b has 

transactivation activity 

Previous studies have shown that human IGFBP-5 is not only secreted but can 

also be found in the nucleus of cultured mammalian cells and mouse embryos (Amaar et 

al., 2002; Schedlich et al., 2000; Schedlich et al., 1998; Xu et al., 2004; Zhao et al., 2006). 

Furthermore, the IGFBP-5 N-domain has transactivation activity (Xu et al., 2004; Zhao et 

al., 2006). Since both zebrafish IGFBP-5s contain a consensus NLS in their C-domains 

(Fig. 2.1A, open box), we investigated the possible nuclear localization of zebrafish 

IGFBP-5a and -5b. U2OS cells were chosen for subcellular localization analysis because 

of their large and flat morphology. When cells were transfected with human IGFBP-

4:EGFP, EGFP signal was only detected in the cytoplasm. But when cells were 

transfected with human IGFBP-5:EGFP, EGFP signal was seen in the nucleus. Like 

human IGFBP-5:EGFP, zebrafish IGFBP-5a:EGFP, and -5b:EGFP were also found in the 

nucleus (Fig. 2.4A). Similar results were also observed in HEK 293 cells (data not 

shown). 

We next investigated whether zebrafish IGFBP-5a and/or -5b have any 

transactivation activity. The zebrafish IGFBP-5b N-domain caused a GAL4 dependent 

transactivation 4-fold greater than the pBIND control group when tested in HEK 293 

cells (Fig. 2.4B). In contrast, the zebrafish IGFBP-5a N-domain did not cause any 

significant increase. As reported previously (Xu et al., 2004), the human IGFBP-5 N-
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domain caused a 20-fold increase in activating the reporter gene expression. To rule out 

the possibility of species-specific effect, the transactivation activities of these fusion 

proteins were also tested in ZF4 cells, a cell line derived from zebrafish embryos. In these 

zebrafish cells, human IGFBP-5 still had the strongest activity (9-fold increase over the 

pBIND control, P < 0.001) and zebrafish IGFBP-5b N-domain had significant activity (3-

fold increase, P < 0.05). Again, the zebrafish IGFBP-5a N-domain had no activity (Fig. 

2.4C). Western immunoblot analysis revealed that expression levels of these fusion 

proteins were similar (Fig. 2.4D), thus excluding the possibility that the difference was 

due to different levels of protein expression and/or degradation. 

2.3.5 Several unique residues in the IGFBP-5 N-domain are critical for the 

transactivation activity 

The two zebrafish IGFBP-5s share the same domain arrangement, high sequence 

identity, nuclear localization, and the ability to bind IGFs, but only IGFBP-5b has 

transactivation activity. Taking advantage of this finding, we compared the amino acid 

sequences of these two highly homologous proteins with that of human IGFBP-5. Among 

the eight residues in the human IGFBP-5 N-domain that are known to be critical for its 

transactivation ability (Zhao et al., 2006), five are conserved in zebrafish IGFBP-5a and -

5b (Fig. 2.5A indicated by *). When three of these conserved residues in zebrafish 

IGFBP-5b were substituted with their corresponding residues from human IGFBP-1 

(E8A/D11S/E43L), the transactivation activity was abolished (Fig. 2.5B). Since zebrafish 

IGFBP-5b, but not IGFBP-5a, has transactivation activity, we focused on the 12 residues 

that differed between these two zebrafish IGFBP-5s in this region (Fig. 2.5A, indicated 

by ^). Among the four tested, we found that changing P22 or H56 in IGFBP-5b to the 
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corresponding residue in IGFBP-5a reduced the transactivation activity by more than 

50% and the P22R/H56R double mutant had essentially no transactivation activity (Fig. 

2.5B). In comparison, the L15M and N64I mutants had only moderate effects. These 

results suggest that R22 and R56 in the IGFBP-5a N-domain are largely responsible for 

its lack of transactivation activity. To further test whether these two positions are 

sufficient to establish the transactivation activity, we changed R22 and R56 in zebrafish 

IGFBP-5a N domain to the corresponding residues of IGFBP-5b in individual and double 

mutants. The R22P mutant had significant transactivation activity. The R22P/R56H 

double mutant had transactivation activity comparable to that of zebrafish IGFBP-5b (Fig. 

2.5C). Taken together, our results suggest that the two different amino acids in positions 

22 and 56 are responsible for the different transactivation activity observed in the two 

zebrafish IGFBP-5s. 

We also investigated the structural determinants accounting for the different 

activities observed between human IGFBP-5 and zebrafish IGFBP-5b. Among the eight 

residues in the human IGFBP-5 N-domain that are known to be critical for its 

transactivation ability (Zhao et al., 2006), three of them differ between zebrafish IGFBP-

5b and human IGFBP-5 (Fig. 2.5A indicated by *). Changing the zebrafish IGFBP-5 

residue at position 56 into the corresponding residue from the human sequence resulted in 

a significant increase in its activity (R56Q and R22P/R56Q mutants in Fig. 2.5C and 

H56Q mutant in Fig. 2.5D). We further generated double and triple zebrafish IGFBP-5b 

mutants, H56Q/G52E and H56Q/G52E/Q12E, by changing residues from the zebrafish 

IGFBP-5b into the corresponding ones from the human IGFBP-5 sequence. The 

H56Q/G52E mutant had 80% activity compared to the human IGFBP-5 (Fig. 2.5D), and 
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the H56Q/G52E/Q12E mutant fully achieved the same high transactivation activity as 

human IGFBP-5. All mutants were expressed at comparable levels as shown by 

immunoblot (Fig. 2.5E). These results indicate that the difference in transactivation 

activities observed between human IGFBP-5 and zebrafish IGFBP-5b is due to their 

different amino acid residues in positions 12, 52 and 56.  

2.4 Discussion 

In this study, we identified two igfbp-5 genes in zebrafish. Several lines of 

evidence indicated that they are co-orthologs of human IGFBP-5: (i) Sequence 

comparison at the protein level showed that they share the highest identity with human 

IGFBP-5, (ii) Phylogenetic analysis grouped the two zebrafish IGFBPs in the IGFBP-5 

cluster, (iii) The gene structure and exon/intron size are most similar to human IGFBP-5, 

and (iv) The chromosome loci indicated conserved synteny with human IGFBP-5. We 

also found two igfbp-5 genes in other teleost fish. Both the conserved synteny and 

phylogenetic analyses indicate that the duplication event that produced these two genes 

happened early in teleost evolution (Fig. 2.6).  

In human and mouse, IGFBP-5 mRNA has been detected in a wide range of 

tissues and cell types. Analyzing the expression patterns in zebrafish, we found that the 

two duplicate igfbp-5 genes diverge in expression pattern both spatially and temporally. 

In adult tissues, while igfbp-5b is expressed in all the tissues examined at relatively high 

levels, igfbp-5a is most strongly expressed in brain and gill. During embryogenesis, 

igfbp-5b is expressed earlier than igfbp-5a. More interestingly, they are expressed in 

distinct tissues and cells. While igfbp-5a expression is restricted in the epidermal cells 

and in the inner ear, igfbp-5b is expressed in somites, branchial arches, pectoral fin, and 
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several domains in the brain. The divergent temporal and spatial expression patterns 

indicate that the cis-regulatory elements in these two genes may have diverged after the 

duplication event (Fig. 2.6). Studies of duplicated genes in zebrafish indicated that this 

may be a common mechanism for diversification (Kleinjan et al., 2008; McClintock et al., 

2002). Further studies are needed to determine the conserved and divergent cis-regulatory 

elements in these 2 zebrafish igfbp-5 genes.  

Mammalian IGFBP-5 is a multifunctional protein that contains several structural 

modules/domains. We performed molecular, biochemical and cell biological approaches 

to identify structural components that have diversified in the duplicate zebrafish IGFBP-

5s. We found that while some of the domains are preserved in both genes (LBD and 

NLS), others (TA) diverged during evolution (Fig. 2.6). Protein function usually requires 

intra- and inter-molecular domain interactions. Therefore, the related domains usually co-

evolve (Chothia et al., 2003). It has been shown that transactivation activity and nuclear 

localization is well correlated in the six IGFBPs, with IGFBP-3, and -5 showing nuclear 

localization and possessing the highest transactivation activity (Zhao et al., 2006). It is 

intriguing to ask why IGFBP-5a preserves the NLS while losing the TA domain. One 

possible explanation from the structural point of view is that the conserved stretch of 

basic residues in the C-domain has multiple functional roles. In addition to being a 

functional NLS (Schedlich et al., 2000; Xu et al., 2004), this region is also involved in 

IGFBP-5’s interaction with ALS, heparin, and ECM components (Arai et al., 1996; Firth 

et al., 2001). Therefore, selection force may conserve these residues even if one of their 

functions become unnecessary. The LBD motif and the transactivation (TA) domain have 

been shown to be structurally separable and functionally independent (Xu et al., 2004). It 
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is possible that IGFBP-5a may have lost the transactivation activity while retaining its 

IGF-binding function. 

The two zebrafish IGFBP-5s share the same domain arrangement, high sequence 

identity, and the ability to bind IGFs, but only zebrafish IGFBP-5b has transactivation 

activity. Taking advantage of this finding, we were able to identify the key residues 

critical for the transactivation activity. By swapping their different residues, we 

discovered that two residues at position 22 and 56 are both necessary and sufficient for 

the transactivation activity in zebrafish IGFBP-5s. These results indicate that IGFBP-5a 

lacks transactivation activity due to its unique residues in these critical positions. This 

conclusion is also consistent with our current understanding of gene evolution. After gene 

duplication, it is thought that the duplicated genes are likely to be retained if they acquire 

non-redundant functions (Force et al., 1999). The high divergence of the transactivation 

domains observed in the duplicated zebrafish igfbp-5 paralogs may account for an 

adaptation or specialization of function of these two genes. We speculate that this may 

not be unique to zebrafish, as aligning the IGFBP-5 N-domain sequences of zebrafish, 

fugu, and stickleback together with that of human and mouse suggests that position 56 

showed clear divergence in the two branches. Specifically, it is a R in all members of the 

IGFBP-5a group, while Q or H in the IGFBP-5b group (Fig.2.8). The other position, 22, 

identified in this study does not seem to be conserved in the two groups, suggesting that 

this residue change is a more recent event during evolution in zebrafish. When we tested 

the transactivation activity in ancestral IGFBPs in amphioxus (our unpublished 

observations), we found that they do exhibit high transactivation activity like the human 

IGFBP-5, suggesting that this activity has an ancient origin. 
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It has been shown that zebrafish contain two igf-1 genes, two igf-2 genes, and two 

igf-1r genes (Schlueter et al., 2006; Zou et al., 2009). In addition, zebrafish have two 

igfbp-1 genes, two igfbp-2 genes, and two igfbp-6 genes (Kamei et al., 2008; Wang et al., 

2009a; Zou et al., 2009). In this study, we provide evidence that there are two functional 

igfbp-5 genes in zebrafish and other teleost fish, igfbp-5a and igfbp-5b. We show that the 

duplicated igfbp-5s exhibited non-overlapping expression patterns during zebrafish 

embryogenesis. We also determined the structural changes accounting for functional 

divergence by mapping critical amino acid changes in the TA domain. These findings 

provide insight into the evolution of the IGFBP gene family and lay the foundations for 

further elucidation of the physiological functions of the nuclear IGFBP-5 and its 

transactivation activity in vivo.  

2.5 Materials and Methods  

All chemicals and reagents were purchased from Fisher Scientific (Pittsburgh, PA, 

USA) unless stated otherwise. Restriction enzymes were purchased from Promega 

(Madison, WI, USA). Taq DNA polymerase and Vent DNA polymerase were purchased 

from New England Biolabs (Ipswich, MA, USA). Oligonucleotide primers and cell 

culture media were purchased from Invitrogen (Carlsbad, CA, USA). 

Experimental animals: Wild type zebrafish (Danio rerio) were maintained on a 

14 h light/10 h dark cycle at 28oC and fed twice daily. Fertilized eggs were raised in 

embryo medium at 28.5 oC and staged according to the standard method (Kimmel et al., 

1995). To inhibit pigmentation, embryo medium was supplemented with 0.003% (w/v) 

N-phenylthiourea. All experiments were carried out in accordance with the guidelines 
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established by the University Committee on the Use and Care of Animals at the 

University of Michigan (http://www.ucuca.umich.edu/). 

Molecular cloning and molecular evolutionary analyses: Two zebrafish 

cDNAs encoding IGFBP-5 like sequences were found by database search and by 

screening a cDNA library. Their full-length cDNA sequences were determined by 5′- and 

3′- rapid amplification of cDNA ends (RACE) using the SMART RACE kit (Clontech, 

Mountain View, CA, USA). Amino acid sequences of IGFBP-5s were aligned by 

ClustalX (Larkin et al., 2007). Phylogenetic analyses were conducted using full-length 

amino acid sequences by the Minimum Evolution method in MEGA4 (Tamura et al., 

2007). The GenBank accession numbers of various IGFBPs are listed in 

Supplemental Table 2.1. The structures of the two zebrafish igfbp-5 genes were 

determined by comparing full-length cDNAs and the zebrafish gen

(

ome sequence 

http://www.genome.ucsc.edu/cgi-bin/hgBlat). Synteny analysis was carried out based on 

Homo sapiens Build 36.3, Mus musculus Build 37.1, Danio rerio Zv7, Takifugu rubripes 

FUGU 4.0 and Gasterosteus aculeatus BROAD S1. Genes used for this study are 

summarized in Table 2.2. 

Reverse transcription (RT)-PCR and whole mount in situ hybridization: 

Total RNA was isolated from embryos and adult zebrafish tissues using TRIzol reagent 

(Invitrogen). One μg total RNA was reverse-transcribed to single strand cDNA using M-

MLV reverse transcriptase (Invitrogen) according to the manufacturer’s instructions. RT-

PCR was performed with three sets of primers (igfbp-5a: 5’- 

GGGTACATGTGGACGAGGA -3’ and 5’- GAAAGAGCCATCACTCTGGAA -3’, 

igfbp-5b: 5’- GGGAGTGTGTACGAACGAGAA -3’ and 5’- 
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TCCTGTCACAGTTAGGCAGGTA -3’, β-actin: 5’- GCCGGTTTTGCTGGAGATGAT 

-3’ and 5’- ATGGCAGGGGTGTTGAAGGTC -3’) using Taq DNA polymerase.  

For whole mount in situ hybridization analysis, plasmids containing complete 

CDS (igfbp-5a: 807 bp, igfbp-5b: 798 bp) or partial 3’UTRs (igfbp-5a: 501 bp, igfbp-5b: 

485 bp after stop codon) were linearized by restriction enzyme digestion, followed by in 

vitro transcription reactions with either T7 or SP6 RNA polymerase (Promega), to 

generate antisense or sense riboprobes using DIG RNA labeling mix (Roche, Indianapolis, 

IN, USA). The specificity of the riboprobes was verified by dot-blot assay and they did 

not cross-react with each other’s target. Hybridization was carried out as described 

previously (Maures et al., 2002).  

Construction of plasmids: To produce purified recombinant proteins for 

biochemical assays, the ORFs (with the stop codon deleted) of zebrafish IGFBP-5a, -5b, 

and human IGFBP-5 were amplified by PCR and subcloned into pcDNA3.1(-)/myc-His 

A expression vector (Invitrogen) at XhoI and HindIII sites. To determine the subcellular 

localization of the two zebrafish IGFBP-5s, their ORFs (with the stop codon deleted) 

were amplified by PCR and subcloned into pCS2+/EGFP expression vector as reported 

(Li et al., 2005). The construction of human IGFBP-4:EGFP and IGFBP-5:EGFP 

constructs was already reported (Xu et al., 2004). To produce the GAL4 DNA-binding 

domain (DBD) and IGFBP-5a N-domain fusion protein, DNA fragment corresponding to 

the N-domain of zebrafish IGFBP-5a was generated by PCR and subcloned into pBIND 

vector (Promega). The pBIND constructs containing human IGFBP-5 or zebrafish 

IGFBP-5b N-domain were already reported (Xu et al., 2004; Zhao et al., 2006). The 

IGFBP-5 N-domain mutants were generated by PCR using Pfu Turbo DNA polymerase 
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(Stratagene, La Jolla, CA, USA) as described previously (Zhao et al., 2006). Primers used 

for constructing these plasmids are listed in Table 2.3. All constructs were sequenced at 

the University of Michigan DNA Sequencing Core Facility. 

Expression and purification of recombinant proteins: Myc- and 6xHistidine-

tagged human and zebrafish IGFBPs were produced and purified following previously 

reported procedures (Kamei et al., 2008). The purified proteins were quantified using a 

BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). The purity was 

confirmed by silver staining and Western immunoblot using an anti-c-myc (9E10) 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Their IGF binding abilities 

were determined by ligand blot using DIG-labeled human IGF-1 following published 

procedure (Shimizu et al., 2000a).  

Cell growth assay: The biological activities of various IGFBP-5s were studied 

using MTS assay (Promega) in cultured human embryonic kidney cells (HEK 293) and 

human osteosarcoma cells (U2OS). Cells were cultured in DMEM (HEK 293) or 

McCoy’s 5A (U2OS) supplemented with 10% FBS, penicillin and streptomycin in a 

humidified-air atmosphere incubator containing 5% CO2. After a 20 h serum starvation, 

25 nM purified IGFBP was added in the presence or absence of 25 nM IGF-1 

(Novozymes GroPep, Adelaide, SA, Australia). The assays were terminated after 48 h 

following the manufacturer’s instructions. 

Subcellular localization of zebrafish IGFBP-5a and -5b: U2OS cells were 

transiently transfected with an IGFBP:EGFP expression vector using Lipofectamine 2000 

(Invitrogen) following the manufacturer’s instructions. 24 h after transfection, cells were 

washed with 1 x PBS, fixed by 4% paraformaldehyde for 1h, and stained with 0.5 µg/ml 
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4',6-diamidino-2-phenylindole (DAPI) for 5 min. The cells were washed, mounted and 

examined under a fluorescence microscope (Nikon Eclipse E600). Images were acquired 

using Leica TCS SP5 confocal microscope with the Leica LAS AF software. 

Transcription activation assay: Mammalian one-hybrid transcription activation 

assay was performed as described previously (Zhao et al., 2006). The transactivation 

activities of various IGFBPs were also examined in a zebrafish embryonic cell line (ZF4). 

ZF4 cells were cultured in DMEM/F12 supplemented with 10% FBS, penicillin and 

streptomycin in a humidified-air atmosphere incubator containing 5% CO2 at 28oC. 

FuGENE 6 (Roche) was used for transfection in ZF4 cells. 24 h after transfection, cells 

were washed and lysed. Transcription activation activity was quantified using the Dual-

Luciferase Reporter Assay System (Promega). To detect the expression level of GAL4 

(DBD):IGFBP N-domain fusion proteins, equal amounts of cell lysates were separated by 

12.5% SDS-PAGE and transferred to Immobilon P membranes (Millipore, Billerica, MA, 

USA) followed by western immunoblot using an anti-GAL4 (DBD) (RK5C1) antibody 

(Santa Cruz Biotechnology) and an anti-Tubulin antibody (Sigma-Aldrich, St. Louis, MO, 

USA). 

Statistics: All values are represented as means ± standard deviation (S.D.). 

Statistical differences among experimental groups were analyzed by one-way analysis of 

variance (ANOVA), followed by Newman-Keuls multiple comparison test using 

GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). 
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Figure 2.1 There are two igfbp-5 genes in zebrafish and other teleost fish 

A) Sequence alignment of human IGFBP-5, zebrafish IGFBP-5a, and -5b. Identical and 

similar amino acid residues are darkly and lightly shaded, respectively. Vertical lines 

indicate the boundaries between signal peptide, N, L, and C domains. Residues in the N 

domain known to be critical for IGF binding (LBD) are underlined. NLS is shown in the 

box. Asterisks indicate residues that are critical for the TA activity of human IGFBP-5. B) 

Phylogenetic tree of the IGFBP family. Values on branches are percentages of replicate 

trees in which the genes clustered together in the bootstrap test (1000 replicates). Branch 

lengths are drawn in units of 0.1 aa substitutions/ site. C) Structure of human IGFBP-5 

and zebrafish igfbp-5a and -5b. Exons are shown as boxes and introns as lines. Lightly 

and darkly shaded areas represent UTRs and ORF, respectively. D) Chromosomal loci of 

IGFBP-5 genes in various vertebrate genomes. Arrows indicate the transcript orientation. 

IGFBP-2, IGFBP-5, TNS1, STK11IP, and SLC4A3 are shown as black box, open box, 

grey box, vertical-line filled box, and wave-line filled box, respectively. Asterisk 

indicates partial transcript information from gene annotation. (Chromosomal locus of 

SLC4A3 in zebrafish is unknown.) E) Phylogenetic analysis of several teleost IGFBP-5a 

and -5b. Values on branches are the percentages of replicate trees in which genes 

clustered together in the bootstrap test (1000 replicates). Branch lengths are drawn in 

units of 0.05 aa substitutions/site. 
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Figure 2.2 Zebrafish igfbp-5a and -5b exhibit distinct spatial and temporal expression 

pattern  

A) RT-PCR analysis of igfbp-5a and -5b mRNAs in female and male adult zebrafish 

tissues. B) RT-PCR analysis of igfbp-5a and -5b mRNAs in zebrafish embryos at the 

indicated stages. Developmental stages are shown at top. hpf, hours postfertilization. C) 

In situ hybridization analysis of igfbp-5a mRNA in whole-mount zebrafish embryos. 

Developmental stage is at top right in each panel. a,b) Lateral view of yolk tube/sac 

region with anterior at left. c) Ventral view of gill arch region with anterior at top. 

Arrowheads indicate one representative epidermal cell. d-f) Dorsal view of head region 

with anterior at top. Dotted line indicates position of otic vesicles. D) In situ 

hybridization analysis of igfbp-5b mRNA. a,b) Lateral view of trunk region with anterior 

at left. Arrowhead indicates signals in somites. c,d) Lateral view of head region with 

anterior at left. Dotted line indicates position of otic vesicles. e) Ventral view of gill arch 

region with anterior at top. Arrows indicate signals in gill arch. f) Dorsal view of head 

region with anterior at top. Arrowhead indicates signal in midbrain. Scale bars = 100 μm. 
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Figure 2.3 Both zebrafish IGFBP-5a and -5b can bind IGF-1 and regulate its biological 

activity 

A) Western immunoblot and ligand blot analyses of purified zebrafish IGFBP-5a and -5b, 

and human IGFBP-5 proteins. L, ligand blot with DIG-labeled IGF-1; S, silver staining; 

W, Western immunoblot with an anti-myc antibody. B, C) Effects of various IGFBP-5s 

on IGF-1-stimulated cell growth in U2OS cells (B) and HEK 293 cells (C). Values are 

means ± S.D. of 2 separate experiments, each performed in triplicate. Groups with 

different letters are significantly different from each other (P < 0.05).  
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Figure 2.4 Nuclear localization and TA activities of zebrafish IGFBP-5a and -5b 

A) Subcellular localization of IGFBP:EGFP. U2OS cells were transfected with human 

IGFBP-4:EGFP (IGFBP-4), human IGFBP-5:EGFP (IGFBP-5), zebrafish IGFBP-

5a:EGFP (IGFBP-5a), and zebrafish IGFBP-5b:EGFP (IGFBP-5b) expression plasmid. 

EGFP signal was visualized (left panels) 24 h after transfection. Corresponding DAPI 

staining is shown in the middle panels and merged views in the right panels. Scale bar = 

25 μm. B, C) N domain of zebrafish IGFBP-5b but not that of IGFBP-5a has TA activity 

in HEK 293 cells (B) and ZF4 cells (C). TA activity is expressed as fold over the pBIND 

control group. Values are means ± S.D. (n=3-5). Groups with different letters are 

significantly different from each other (P < 0.05). D) Expression levels of fusion proteins 

were analyzed by Western immunoblot using an anti-GAL4 (DBD) antibody and an anti-

tubulin antibody.  
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Figure 2.5 Two unique amino acid changes in the IGFBP-5a N domain are responsible 

for its lack of TA activity 

A) Sequence alignment of the N domain of human IGFBP-5 and zebrafish IGFBP-5a and 

-5b. Asterisks indicate residues known to be important for the TA activity of human 

IGFBP-5; carets indicate residues that differ between zebrafish IGFBP-5a and -5b; open 

squares indicate residues tested in this study. B -D) TA activities of wild-type and mutant 

zebrafish IGFBP-5b and -5a. Indicated constructs were introduced into HEK 293 cells 

together with a GAL4 reporter plasmid by transient transfection. Values are expressed as 

percentages of the wild-type zebrafish IGFBP-5b N-domain group (B, C) or the human 

IGFBP-5 N-domain group (D). Values are means ± S.D. (n=3). Groups with the same 

letters are not significantly different from each other (P < 0.05). E) Expression levels of 

mutant fusion proteins were analyzed by Western immunoblot using an anti-GAL4 (DBD) 

antibody and an anti-tubulin antibody.  



 

 

Figure 2.6 Proposed model for the gene expression and functional divergence of igfbp-5 

genes in teleost fish 

The ancestral IGFBP-5 gene was duplicated early in teleost evolution as the result of a 

genome duplication event. The duplicated igfbp-5 genes may have undergone 

subfunctionalization at the levels of expression pattern, through divergent expression 

regulation (indicated by different arrows), and protein functionality, through the loss of 

critical structural motifs, such as the TA domain in the case of zebrafish igfbp-5a.  
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Figure 2.7 (supplementary to Figure 2.5.) Sequence alignment of several mammalian and 

teleost IGFBP-5 N-domains 

Identical and similar amino acid residues are darkly and lightly shaded, respectively. 

Asterisks (*) mark the residues that are critical for the different transactivation activities 

between zebrafish IGFBP-5a and -5b.
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    Protein 
†Species  

IGFBP-1 IGFBP-2 IGFBP-3 IGFBP-4 IGFBP-5 IGFBP-6 

human NP_000587 NP_000588 NP_000589 NP_001543 NP_000590 NP_002169 

bovine NP_776979 NP_776980 NP_776981 NP_776982 NP_001098797 NP_001035585 

mouse NP_032367 NP_032368 NP_032369 NP_034647 NP_034648 NP_032370 

chicken  NP_001001294 NP_990690 NP_001094504 NP_989684 - - 

frog  - - - - NP_001083938 - 

zebrafish 
NP_775390 

NP_001091727   

NP_571533 

ABS30427 
NP_991314 - 

NP_001092224 

NP_001119935 

NP_001154873 

NP_001154874 

fugu - - - - 
ENSTRUG00000013829 

ENSTRUG00000004347 
- 

stickleback - - - - 
ENSGACG00000014275 

ENSGACG00000002508 
- 

 

Table 2.1 Accession numbers of the IGFBP sequences used for the phylogenetic analyses 

†: human (Homo sapiens), bovine (Bos taurus), mouse (Mus musculus), chicken (Gallus 

gallus), frog (Xenopus laevis), zebrafish (Danio rerio), fugu (Takifugu rubripes), 

stickleback (Gasterosteus aculeatus). 

64 
 



 

Gene 
 

†Species  
IGFBP-2 IGFBP-5 TNS1 STK11IP SLC4A3 

human 3485 3488 7145 114790 6508 

mouse 16008 16011 21961 71728 20536 

zebrafish a 794176 795084 565181 795019  
zebrafish 
b 798920 403039 572346  100151543 

fugu a ENSTRUG000
00013702 

ENSTRUG000
00013829 

ENSTRUG000
00013916 

ENSTRUG000
00013564  

fugu b ENSTRUG000
00003825 

ENSTRUG000
00004347 

ENSTRUG000
00004813  ENSTRUG000

00002078 
sticklebac
k a 

ENSGACG00
000014280 

ENSGACG00
000014275  

ENSGACG00
000014268 

ENSGACG00
000014289  

sticklebac
k b 

ENSGACG00
000002506 

ENSGACG00
000002508 

ENSGACG00
000002511  ENSGACG00

000002501 
 

Table 2.2 NCBI or Ensembl Gene ID of the genes used for the conserved synteny 

analysis 

†: human (Homo sapiens), mouse (Mus musculus), zebrafish (Danio rerio), fugu 

(Takifugu rubripes), stickleback (Gasterosteus aculeatus). 
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Vector Target region Primer name Primer sequence 

pcDNA3.1(-)/ 
myc-His A 

zebrafish IGFBP-5a 
ORF 

IGFBP-5a XhoI F 5'-GTCTCGAGACCATGCTGCTAAGTTTGTATGCT-3' 

IGFBP-5a HindIII R 5'-CAAAGCTTTTCGTTGTTGTTGCTGTG-3' 

pcDNA3.1(-)/ 
myc-His A 

zebrafish IGFBP-5b 
ORF 

IGFBP-5b XhoI F 5'-GTCTCGAGACCATGGCTCTTCTTGTGCTGGGTACA-3' 

IGFBP-5b HindIII R 5'-CAAAGCTTCTCGTTGTTGTTGTTGCTGTTCTCC-3' 

pcDNA3.1(-)/ 
myc-His A human IGFBP-5 ORF 

IGFBP-5 XhoI F 5'-GTCTCGATATGGTGTTGCTCACCGCG-3' 

IGFBP-5 HindIII R 5'-GTAAGCTTCTCAACGTTGCTGCTGTC-3' 

pCS2+/EGFP zebrafish IGFBP-5a 
ORF 

IGFBP-5a BamHI F 5'-GTGGATCCACCATGCTGCTAAGTTTGTATGCT-3' 

IGFBP-5a ClaI R 5'-CAATCGATGTTCGTTGTTGTTGCTGTG-3' 

pCS2+/EGFP zebrafish IGFBP-5b 
ORF 

IGFBP-5b BamHI F 5'-GTGGATCCACCATGGCTCTTCTTGTGCTGGGTACA-3' 

IGFBP-5b ClaI R 5'-CAATCGATGCTCGTTGTTGTTGTTGCTGTTCTCC-3' 

pBIND zebrafish IGFBP-5a N-
domain 

IGFBP-5aN BamHI F 5'-CGGGATCCCAGCGTCGTTCGTGCCAT-3' 

IGFBP-5aN NotI R 5'-ATAAGAATGCGGCCGCTCAGCAAACTCCTTTGCCGTA-3' 

pBIND zebrafish IGFBP-5b N-
domain L15M 

IGFBP-5bN L15M F 5'-GCGATCAGAAGGCGATGTCCATGTGTCCTCC-3' 

IGFBP-5bN L15M R 5'-GGAGGACACATGGACATCGCCTTCTGATCGC-3' 

pBIND zebrafish IGFBP-5b N-
domain P22R 

IGFBP-5bN P22R F 5'-GTCCTCCGGTCCGGGTGGGCTGTC-3' 

IGFBP-5bN P22R R 5'-GACAGCCCACCCGGACCGGAGGAC-3' 

pBIND zebrafish IGFBP-5b N-
domain H56R 

IGFBP-5bN H56R F 5'-GTACATGCACACGCGGGCTGCGCTG-3' 

IGFBP-5bN H56R R 5'-CAGCGCAGCCCGCGTGTGCATGTAC-3' 

pBIND zebrafish IGFBP-5b N-
domain N64I 

IGFBP-5bN N64I F 5'-CTGCCGCGCATCGGCGAGGAGAAG-3' 

IGFBP-5bN N64I R 5'-CTTCTCCTCGCCGATGCGCGGCAGG-3' 

pBIND 
zebrafish IGFBP-5b N-
domain 
E8A/D11S/E43L 

IGFBP-5bN E8A/D11S F 5'-GTACCGTGCGCGCCGTGCAGTCAGAAGGCGC-3' 

IGFBP-5bN E8A/D11S R 5'-GCGCCTTCTGACTGCACGGCGCGCACGGTAC-3' 

IGFBP-5bN E43L F 5'-GCGCTCTGGCGCTGGGGCAGGCGTG-3' 

IGFBP-5bN E43L R 5'-CACGCCTGCCCCAGCGCCAGAGCGC-3' 

pBIND zebrafish IGFBP-5a N-
domain R22P 

IGFBP-5aN R22P F 5'-GTCCTCCGGTGCCGAACGGGTGTCAG-3' 

IGFBP-5aN R22P R 5'-CTGACACCCGTTCGGCACCGGAGGAC-3' 

pBIND zebrafish IGFBP-5a N-
domain R56H 

IGFBP-5aN R56H F 5'-CCGGTACATGTGGACACGGACTGCGATGCC-3' 

IGFBP-5aN R56H R 5'-GGCATCGCAGTCCGTGTCCACATGTACCGG-3' 

pBIND zebrafish IGFBP-5a N-
domain R56Q 

IGFBP-5aN R56Q F 5'-CGGTACATGTGGACAAGGACTGCGATGCC-3' 

IGFBP-5aN R56Q R 5'-GGCATCGCAGTCCTTGTCCACATGTACCG-3' 

pBIND zebrafish IGFBP-5b N-
domain H56Q 

IGFBP-5bN H56Q F 5'-GTACATGCACACAGGGGCTGCGCTGC3-3' 

IGFBP-5bN H56Q R 5'-GCAGCGCAGCCCCTGTGTGCATGTAC-3' 

pBIND zebrafish IGFBP-5b N-
domain H56Q/G52E 

IGFBP-5bN H56Q/G52E F 5'-GGTGTACACCGAGACATGCACACAGGGGCTGCGCTG-3' 

IGFBP-5bN H56Q/G52E R 5'-CAGCGCAGCCCCTGTGTGCATGTCTCGGTGTACACC-3' 

pBIND 
zebrafish IGFBP-5b N-
domain 
H56Q/G52E/Q12E 

IGFBP-5bN Q12E F 5'-GCCGTGCGATGAGAAGGCGCTCTCC-3' 

IGFBP-5bN Q12E R 5'-GGAGAGCGCCTTCTCATCGCACGGC-3' 

 

Table 2.3 Oligonucleotide primers used for plasmid construction in Chapter 2 
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    Protein 

†Species  
IGFBP-1 IGFBP-2 IGFBP-3 IGFBP-4 IGFBP-5 IGFBP-6 

human 28/29 26/24 36/37 30/32 47/52 28/29 

mouse 29/28 27/27 36/41 30/31 48/53 27/29 

 

Table 2.4 Sequence identities between zebrafish IGFBP-5a/-5b and IGFBPs in human 

and mouse. 

 †: human (Homo sapiens), mouse (Mus musculus). 
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CHAPTER 3 
 

Expression and functional characterization of Igfbp5a in the trpv6-expressing 
ionocytes in zebrafish embryos 

 

3.1 Abstract 

Insulin-like growth factor-binding protein (IGFBP)-5 is an evolutionarily 

conserved modulator of the IGF signaling pathway. It binds IGF in vitro with high 

affinity, suggesting an in vivo role in regulating IGF bioavailability. Nevertheless, the in 

vivo function of IGFBP5 is not well understood. In zebrafish, two igfbp5a genes have 

been identified. One of them, igfbp5a, is uniquely expressed in the embryonic skin. In 

this study, we identified the specific cell type that expresses igfbp5a to be the trpv6-

expressing ionocytes, which mediates epithelial Ca2+ absorption. Morpholino knockdown 

of igfbp5a increased the number of trpv6-expression ionocytes and elevated Ca2+ content 

and Ca2+ influx in the embryos. These findings suggest that Igfbp5a functions as a 

regulator of Ca2+ homeostasis by negatively modulating the population of trpv6-

expressing ionocytes.  

3.2 Introduction 

Hormones and growth factors are essential physiological regulators of animal 

development and homeostasis. Insulin-like growth factor (IGF) can function not only 

globally as an endocrine hormone to affect animal development, but also tissue 

specifically as a local growth factor (Le Roith et al., 2001). How the activity of IGF in 
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local tissue is fine-tuned is not well understood. One mechanism for such modulation 

may be attributed to the high affinity IGF-binding proteins (IGFBPs) that display 

different expression patterns and biochemical properties (Duan and Xu, 2005; Firth and 

Baxter, 2002).  

IGFBP5 is the most conserved member within the IGFBP family. Similar to 

IGFBP3, IGFBP5 can form a tertiary complex with IGF and acid-labile subunit (ALS) in 

blood circulation (Twigg and Baxter, 1998). Such complex formation functions to restrict 

IGF in circulation (Binoux and Hossenlopp, 1988) and prolong half-life of IGF (Ueki et 

al., 2000). Locally produced IGFBP5 can function in an autocrine/paracrine manner to 

modulate IGF activities. In some tissues and cell types, it can inhibit IGF activity by 

sequesting the ligand from the receptors (Rozen et al., 1997). In others, it potentiates IGF 

activity via binding to extracellular matrix (ECM) components (Jones et al., 1993; Ren et 

al., 2008). IGFBP5 has also been shown to exhibit IGF-independent activities (Hsieh et 

al., 2003; Miyakoshi et al., 2001).  

Although the functions of IGFBP5 are well studied in vitro, its in vivo roles are 

still poorly understood. In mice, minor overall growth deficiency was observed in single 

IGFBP5 knockouts, which can be partly explained by upregulation of IGFBP3 expression, 

its close homolog (Ning et al., 2007). IGFBP-3, -4, -5 triple knockouts showed more 

severe growth deficiency (Ning et al., 2006). Therefore, redundancy and 

complementation may explain the lack of global growth phenotype. On the other hand, 

detailed analysis of the local IGFBP5 producing tissues is starting to reveal the in vivo 

functions of IGFBP5 (Ning et al., 2007).  
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Zebrafish serves as an appealing model to study the role of IGFBP5 in vivo due to 

its rapid external embryonic development. Another feature of the zebrafish model is that 

duplication of the IGFBP5 gene results in diverged expression patterns during 

embryogensis. Interestingly, one of them, igfbp5a, is specifically expressed in some skin 

cells in a salt and pepper pattern (Dai et al., 2010). However, the specific cell type that 

expresses igfbp5a in the skin was not known.  

The architecture of the zebrafish embryonic skin differs from the mammalian one. 

It is composed of the external enveloping layer (EVL) and the basal deep layer (DEL) 

(Kimmel et al., 1990; Le Guellec et al., 2004). Living in an aquatic environment, fish 

meet more challenge to maintain ion-water balance compared with terrestrial animals. 

Therefore, fish skin not only serves as a protective barrier, it also functions as an osmo-

ionoregulatory organ during the embryonic stage before the gill is fully functional 

(Hirose et al., 2003; Hwang, 2009). In addition to the skin stem cells and keratinocytes 

(Bakkers et al., 2002; Lee and Kimelman, 2002), the zebrafish skin contains ionocytes 

(chloride cells, mitochondria-rich cells) which are functionally equivalent to the cells 

involved in transepithelial transport in mammalian transport epithelia. At least three types 

of skin ionocytes have been identified using molecular markers in zebrafish: H+-ATPase-

rich (HR) cells, Na+-K+-ATPase-rich (NaR) cells, and Na+-Cl--cotransporter (NCC) cells 

(Hwang, 2009). HR cells express the H+-ATPase subunit atp6v1al and are involved in 

acid secretion (Lin et al., 2006). The epithelial Ca2+ channel trpv6 is expressed in a subset 

of NaR cells and mediates Ca2+ uptake (Pan et al., 2005). NCC cells express the Na+-Cl--

cotransporter slc12a10.2 responsible for chloride uptake (Wang et al., 2009b). 
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In this study, we aim to examine the in vivo role of igfbp5a in its target tissue. We 

found that Igfbp5a is specifically expressed in the trpv6-expressing ionocytes. We 

performed a loss-of-function study and revealed that Igfbp5a functions as a negative 

regulator of the trpv6-expressing ionocytes and Ca2+ uptake.  

3.3 Result 

3.3.1 Overlapping spatial and temporal expression patterns of igfbp5a and trpv6 

We previously found that zebrafish igfbp5a is expressed in a unique salt-and-

pepper pattern on the skin covering the yolk and gill, and the mRNA is first detected at 

14 hour post fertilization (hpf) (Dai et al., 2010). This pattern is similar to that of trpv6 

marking the epithelial Ca2+ channel-expressing ionocytes (Pan et al., 2005), or atp6v1al 

marking the H+-ATPase-expressing ionocytes (Horng et al., 2007), which are detected 

starting from 24 hpf. To compare the expression onset of those three genes during 

embryogensis, we sampled zebrafish embryos from 6-somite stage (12 hpf) to prim-5 

stage (24 hpf) in close intervals (2-4 hr). igfbp5a and trpv6 showed concurrent expression 

patterns initiated at 14 hpf, while atp6v1al started to express at an earlier time point (Fig. 

3.1A). We also quantified the mRNA levels of igfbp5a and trpv6. Similar patterns were 

observed for both igfbp5a (Fig. 3.1B) and trpv6 (Fig. 3.1C). They show a significant 

increase from 48 hpf to 72 hpf (igfbp5a, 3.45 + 0.18 fold; trpv6, 4.00 + 1.22 fold), and 

remain relatively constant thereafter.  

We also compared the spatial expression pattern of igfbp5a, trpv6, and atp6v1al. 

All three genes are expressed in a salt-and-pepper pattern on the skin covering yolk sac, 

yolk tube, and yolk/trunk boundary areas in the zebrafish embryos (Fig. 3.2). Later than 

72 hpf, their expression in the gill increases (Fig. 3.2C, F, I). While igfbp5a and trpv6 
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show similar number of cells on the skin, more atp6v1al cells are detected. atp6v1al is 

also strongly expressed in the brain throughout development (Fig. 3.2G-I, arrows), while 

igfbp5a is transiently expressed in the inner ear at 48 hpf (Fig. 3.2A, arrowhead).  

3.3.2 igfbp5a mRNA colocalizes with trpv6 but not atp6v1al  

To identify the cell type that expresses igfbp5a, we co-stained igfbp5a with trpv6 

or atp6v1al. From 36 hpf to 96 hpf, igfbp5a mRNA colocalized with trpv6 mRNA both 

in the yolk tube (Fig. 3.3 A-A’’’) and in the gill (Fig. 3.3 C-C’’’), whereas it did not 

colocalize with atp6v1al mRNA (Fig. 3.3 B-B’’’ and D-D’’’). Within three groups of fish 

aged 36 hpf, 72 hpf, and 96 hpf, we found 222 igfbp5a and trpv6 colocalized cells out of 

225 cells that express either igfbp5a or trpv6. In contrast, no igfbp5a and atp6v1al co-

expression was found in a total of 192 cells examined. Therefore, igfbp5a is specifically 

expressed in the trpv6-expressing ionocytes, but not in the atp6v1al-expressing ionocytes. 

3.3.3 The number of trpv6-expressing ionocytes increases in Igfbp5a morphants 

To test whether Igfbp5a is involved in the formation and/or maintenance of the 

trpv6-expressing ionocytes, we took a loss-of-function approach using morpholino-

modified antisense oligonucleotides (MOs). Three MOs, designated translation-blocking 

MO (TB)-1~3, target nonoverlapping sequences within the 5’ untranslated region (UTR) 

toward the start codon region of igfbp5a. To determine the efficiency of these MOs for 

blocking the translation initiation complex, we constructed a GFP reporter containing 

partial 5’UTR and coding sequence of igfbp5a. Capped mRNA encoding the reporter was 

injected into zebrafish embryos together with control MO (CT) or TBs. All three TBs, but 

not CT, blocked GFP reporter translation at 1.5 ng / embryo (Fig. 3.4A, top panel). When 

their doses were reduced to 0.5 ng /embryo, TB1 could not block as effectively as TB2 
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and TB3 (Fig. 3.4A, lower panel). To test whether knocking down Igfbp5a lead to 

developmental defects, the morphology of the morphants were examined. When injected 

at 4 ng / embryo, both TB2 and TB3 injected morphants were normal, whereas TB1 

resulted in smaller head and eyes (Fig. 3.4B, arrow). The body length was not affected by 

either of the MOs (Fig. 3.4C). The inconsistent morphological abnormalities resulting 

from different TBs suggested off-target effect on TB1. Therefore, we adopted a 

combination of TB2 and TB3 at 4 ng / embryo each, in order to achieve high efficacy and 

minimum nonspecific effect. Interestingly, we found that the expression level of igfbp5a 

mRNA was significantly reduced in the morphants (Fig. 3.4D), suggesting an in vivo 

targeting effect of TB for igfbp5a. After verifying the TBs, we tested the effect of 

knocking down igfbp5a on trpv6-expressing ionocytes. Unexpectedly, TB injected 

embryos showed more cells compared with the control group (Fig. 3.4E, P< 0.0001). 

Expression level of trpv6 did not increase significantly in individual cells (data not 

shown).  

To validate that loss of Igfbp5a lead to increased number of trpv6-expressing 

ionocytes, another independent knockdown approach by inhibiting the splicing of the pre-

RNA was used. The splice-inhibiting MO (SI) targets the exon 2-intron 2 boundary (Fig. 

3.5A, underline). The knockdown effect was verified by RT-PCR using a pair of primers 

flanking the target site (Fig. 3.5A, arrows). The RT-PCR product for the correctly spliced 

mRNA should be 414 bp, while the aberrant product resulting from inclusion of intron 2 

is larger (Fig. 3.5B). SI works in a concentration-dependent manner (Fig. 3.5B, left 

panel), and the effect is optimal at 2 dpf than later stages (Fig. 3.5B, right panel). 

Incorrectly spliced pre-RNA often cannot be transported out of the nucleus (Eisen and 
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Smith, 2008). Indeed nuclear localization appeared to be predominant in the SI injected 

morphants (Fig. 3.5C, right panel), whereas in the control group, igfbp5a mRNA was 

mostly detected in the cytoplasm (Fig. 3.5C, left panel). After validating the in vivo 

targeting efficacy of SI, we assessed the effect of SI on the embryos. No obvious 

morphological defect was observed in the SI injected morphants (Fig. 3.5D and E). 

Importantly, consistent with TB, SI injected embryos also showed more trpv6-expressing 

ionocytes compared with the control group (Fig. 3.5F, P=0.0014). 

3.3.4 Igfbp5a affects development rather than function of the trpv6-expressing 

ionocytes.  

Increase in cell number of trpv6-expressing ionocytes were found in larvae 

acclimated to low-Ca2+ water (Pan et al., 2005), suggesting the adjustment of cell number 

as a mechanism to adapt to insufficient Ca2+ uptake. The increased number of trpv6-

expressing ionocytes in Igfbp5a morphants could be due to potentiated development of 

those cells, or due to a feedback to insufficient Ca2+ uptake resulting from loss-of-

function of the trpv6-expressing ionocytes. To differentiate between these two 

possibilities, we tested whether the increased trpv6-expressing ionocytes in Igfbp5a 

morphants were functional. The speed of Ca2+ uptake was significantly higher in the 

Igfbp5a morphants (Fig. 3.6A, P<0.0001). The whole body Ca2+ content was also 

significantly elevated in the Igfbp5a knockdown group compared with the control (Fig. 

3.6B, P=0.0001). The fold of increase in Ca2+ content (1.23 + 0.07 fold over control) and 

Ca2+ influx (1.35 + 0.11 fold over control) is comparable to that of cell number (Fig. 3.4E, 

1.38 + 0.27 fold over control), supporting that the increased trpv6-expressing ionocytes in 

the Igfbp5a morphants are functional.  



 

3.4 Discussion 

In this study, we discovered a unique co-expression of igfbp5a with trpv6. This 

specific expression is supported by tight correlation of spatial and temporal patterns, and 

confirmed by an almost complete colocalization. Knockdown of Igfbp5a resulted in an 

increase in the number of trpv6-expressing ionocytes and a comparable increase in Ca2+ 

influx and Ca2+ content, suggesting a negative regulatory role of Igfbp5a in these cells.  

Our discovery may provide molecular cues to how IGF signaling regulates Ca2+ 

homeostasis. In fish, growth hormone (GH) and IGF have long been recognized to play a 

role in seawater adaptation (Evans, 2002). Injecting GH or IGF1 into fish potentiated the 

seawater tolerance and increased the size and density of chloride cells (McCormick, 

2001). Bone is an important organ for maintaining Ca2+ balance, and in mammals, IGF 

signaling regulates bone growth and turnover (Sims et al., 2000; Wang et al., 2006; 

Zhang et al., 2002). Also, IGF signaling regulates Ca2+ uptake in the placenta (Dilworth 

et al., 2010), which is critical for fetal development. The specificity of such regulation is 

not well understood, considering the global expression of IGFs and IGF1R. Igfbp5a may 

serve as the local modulator of the IGF signaling in Ca2+ homeostasis. Loss of IGF1R 

results in global growth retardation (Liu et al., 1993; Schlueter et al., 2006). Similar to the 

IGFBP5 knockout mice (Ning et al., 2007), loss of Igfbp5a in zebrafish did not affect the 

overall growth and development. Since the development of the trpv6-expressing 

ionocytes are dependent on the developmental stage (Pan et al., 2005), further tissue 

specific downregulation of IGF1R will be needed to reveal whether Igfbp5a action is 

IGF-dependent. 
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IGFBP5 also has IGF-independent functions, which may be attributed to its 

interaction with transcription factors in the nucleus (Amaar et al., 2002; Schedlich et al., 

2007). The nuclear activity of IGFBP5 may due to its transcriptional activation activity 

residing in the N-terminus, which is conserved from humans to zebrafish (Xu et al., 2004; 

Zhao et al., 2006). However, Igfbp5a does not possess this activity due to mutations in 

two amino acids in the N-terminus (Dai et al., 2010). In this study, we tested whether 

igfbp5a may be involved in regulating trpv6 gene expression. igfbp5a expression does 

not precede that of the trpv6, and knockdown of Igfbp5a did not affect trpv6 expression 

levels per cell significantly. Therefore, it is not very likely that igfbp5a functions as a 

transcriptional co activator to regulate trpv6 expression. It is not clear whether Igfbp5a 

may exert other IGF-independent role in vivo. 

Our study also contributes to the knowledge of the tissue specific role of IGFBP 

in vivo. Although overexpression studies suggest a growth inhibitory role of IGFBPs 

(Salih et al., 2004), loss-of-function studies used to test the global growth 

inhibitory/promoting function of IGFBPs in vivo show normal growth (Leu et al., 2003; 

Ning et al., 2007; Wood et al., 2000). Interestingly, studies of the tissue specific 

expression of the IGFBPs in vivo are starting to give insight into how local IGF signaling 

is regulated by the IGFBPs (Leu et al., 2003; Ning et al., 2007; Wood et al., 2000). The 

zebrafish model has several advantages in studying different tissues during 

embryogenesis. Due to the transparency of the embryos, the gene expression pattern can 

be readily explored in great detail. The external embryogenesis process also facilitates the 

manipulation of the embryos at different stages. Indeed, studies of the expression tissues 
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have yielded valuable knowledge into how locally expressed IGFBPs function to regulate 

growth and development of specific tissues and cells (Li et al., 2005; Wood et al., 2005b).  

In summary, our findings provide a close molecular link between the IGF axis and 

Ca2+ homeostasis. Such knowledge may have broader implications in other tissues to 

explain how IGFBP may serve as a local modulator of the IGF signaling in vivo.  

3.5 Materials and Methods  

Experimental animals: Wild-type zebrafish (Danio rerio) were maintained on a 

14 hr light/10 hr dark cycle at 28oC and fed twice daily. Fertilized eggs were raised in 

fish medium at 28.5 oC and staged according to the standard method (Kimmel et al., 

1995). To inhibit pigmentation, fish medium was supplemented with 0.003% (w/v) N-

phenylthiourea. All experiments were conducted in accordance with the guidelines 

established by the University Committee on the Use and Care of Animals at the 

University of Michigan. 

Whole-mount in situ hybridization and double fluorescent in situ 

hybridization: For single-color in situ hybridization, digoxigenin-labeled antisense 

riboprobes for igfbp5a (Dai et al., 2010), trpv6 (Pan et al., 2005), and atp6v1al (Lin et al., 

2006) were generated by in vitro transcription, and whole-mount in situ hybridization 

was performed as previously described (Maures et al., 2002). Images were captured with 

a compound microscope (Nikon Eclipse E600) equipped with a Nikon DC50NN camera, 

and a stereomicroscope (Leica MZ16F) equipped with a QImaging QICAM camera.  

For double fluorescent in situ hybridization, igfbp5a, trpv6, and atp6v1al 

riboprobes were labeled with either digoxigenin or dinitrophenol following the published 
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protocol (Hsiao et al., 2007). Images were acquired using Leica TCS SP5 confocal 

microscope with the Leica LAS AF software. 

Reverse transcription (RT)-PCR and quantitative real-time PCR (qPCR): 

Total RNA was isolated from embryos using TRIzol reagent (Invitrogen). One μg total 

RNA was reverse-transcribed to single strand cDNA using M-MLV reverse transcriptase 

(Invitrogen). Semi-quantitative RT-PCR was performed using Taq DNA polymerase 

(New England Biolabs). Four sets of primers were used (igfbp5a: 5'-

GGGTACATGTGGACGAGGA-3' and 5'-GAAAGAGCCATCACTCTGGAA-3'; trpv6: 

5'-GCTGCGAGTCACTGGAATA-3' and 5'-ACCGACGCTCACCTCAAACT-3'; 

atp6v1al: 5'-CCTGGAGGTGGCTAAACTCA-3' and 5'-

GCTTCACCCTCTTTCACTGG-3'; β-actin: 5'-GCCGGTTTTGCTGGAGATGAT-3' 

and 5'-ATGGCAGGGGTGTTGAAGGTC-3’). 

qPCR was carried out using iQ SYBR Green Supermix (Bio-Rad) with an iCycler 

iQ Multicolor real-time PCR detection system (Bio-Rad). The efficiency and specificity 

of the qPCR were verified by standard curve and denaturing curve analyses. The 

expression level of a particular gene transcript was calculated based on the standard curve 

and normalized to β-actin mRNA level. Three sets of primers were used (igfbp5a: 5'-

GCTGCACGCTCTGCTTTAC-3' and 5'-AATGGAACCTTGGCCTGAG-3'; trpv6: 5'-

GGACCCTACGTCATTGTGATAC-3' and 5'-GGTACTGCGGAAGTGCTAAG-3'; β-

actin: 5'-GATCTGGCATCACACCTTCTAC-3' and 5'-CCTGGATGGCCACATACAT-

3’).  

MO microinjection: MOs were obtained from Gene Tools (Philomath, OR, USA) 

and injected into 1~2 cell stage embryos as reported (Li et al., 2005). Three translation-
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blocking MOs were designed to target against igfbp5a start codon (TB1, 5'-

CAGCTTTGAAATGGCAAAACCGAAG-3' targets nucleotides -52 to -28; TB2, 5'-

CAAACTTAGCAGCATCGTCCTACTG-3' targets nucleotides -10 to 15; and TB3, 5'-

TTTGTATCGTTTAAGGTTCCCGAGT-3' targets nucleotides -78 to -54). One splice-

inhibiting MO (5'-AGAAACCTACAATGTCAGACTGATG-3') was designed to target 

against igfbp5a exon 2-intron 2 boundary. A standard control MO (5'-

CCTCTTACCTCAGTTACAATTTATA-3') was used as control.  

To determine the efficiency of the translation-blocking MO, a 180-bp DNA 

fragment corresponding to partial 5'UTR (81 bp) and coding sequence (99 bp, which 

encodes the signal peptide and the first 14 residues of the predicted mature protein) of the 

zebrafish igfbp5a gene was generated by PCR (5'-

gtggatccGGTACTCGGGAACCTTAAACG-3' and 5'-

caatcgatGCATTGCTTTCTGGTCACACG-3'; the linker sequences are in lowercase). 

The amplified DNA was subcloned in frame into pCS2/EGFP expression vector (Li et al., 

2005) to fuse the Igfbp5a partial sequence N-terminally of EGFP. The construct was 

sequenced at the University of Michigan DNA Sequencing Core Facility.  

To validate the efficacy of the splice-inhibiting MO, total RNA was extracted 

from the injected embryos at various time points and RT-PCR was conducted as 

described above. The resulting higher molecular weight PCR product was sequenced at 

the University of Michigan DNA Sequencing Core Facility. 

To measure the number of trpv6-expressing ionocytes, the injected embryos were 

raised in a 0.02 mM low-Ca2+ media in order to increase the intensity of trpv6 whole-

mount in situ hybridization signal. The other ion concentrations of the media were the 
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same as the normal medium ([Mg2+], 0.16 mM; [Na+], 0.5 mM; [K+], 0.165 mM; [Cl-], 

0.5 mM; and [PO4
3-], 0.085 mM). Artificial freshwater was prepared with double-

deionized water (Milli-Q Academic System, Millipore, Billerica, MA, USA) 

supplemented with adequate CaCl2•2H2O, MgSO4•7H2O, NaCl, Na2SO4, K2HPO4, and 

KH2PO4, according to the method reported (Chen et al., 2003) with some modifications. 

Measurement of whole body Ca2+ influx and Ca2+ content: Whole body Ca2+ 

influx was measured following previously described methods (Chen et al., 2003) with 

some modifications. Embryos were dechorionated, rinsed briefly in deionized water, and 

transferred to a 4-ml 45Ca2+ (Amersham, Piscataway, NJ; final working specific activity, 

1–2 mCi/mmol)-containing medium for a subsequent 4-hr incubation. After incubation, 

embryos were washed several times in isotope-free water medium. Then embryos were 

anesthetized with MS-222 and digested with tissue solubilizer (Solvable; Packard, 

Meriden, CT) at 50°C for 8 hr. The digested solutions were supplemented with counting 

solution (Ultima Gold; Packard), and the radioactivities of the solutions were counted 

with a liquid scintillation beta counter (LS6500; Beckman, Fullerton, CA).  

To measure whole body Ca2+ content, embryos were anesthetized with MS-222, 

dechorionated, and briefly rinsed in deionized water. HNO3 (13.1 N) was added to 

samples for digestion at 60°C overnight. Digested solutions were diluted with double-

deionized water, and the total Ca2+ content was measured with an atomic absorption 

spectrophotometer (Z-8000; Hitachi). Standard solutions from Merck (Darmstadt, 

Germany) were used to make the standard curves. 

Statistics: Statistical differences among experimental groups were analyzed by 

unpaired t test or one-way analysis of variance (ANOVA) followed by Tukey’s multiple 
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comparison test using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). 

Significance was accepted at P < 0.05 or better. 
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Figure 3.1 Overlapping temporal expression pattern of igfbp5a and trpv6  

A) RT-PCR of igfbp5a, trpv6, and atp6v1al mRNA in embryos at the indicated stages. 

P.C., positive control of PCR using cDNA from 7 dpf larvae; N.C., negative control of 

PCR using H2O. B-C) Quantitative real-time PCR measurement of relative igfbp5a (C) 

and trpv6 (D) mRNA levels in embryos at the indicated stages. 
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Figure 3.2 Similar spatial expression patterns of igfbp5a and trpv6 

Whole-mount in situ hybridization of igfbp5a (A-C), trpv6 (D-F), and atp6v1al (G-I) 

mRNA in embryos at the indicated stages. Insets depict higher magnifications of areas 

boxed. All images are lateral views, anterior to the left.  
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Figure 3.3 igfbp5a mRNA colocalizes with trpv6 but not atp6v1al 

Double fluorescent in situ hybridization of igfbp5a with trpv6 (A-A’’’ and C-C’’’), and 

igfbp5a with atp6v1al (B-B’’’ and D-D’’’). Images shown are confocal micrographs of 

the yolk tube (A-A’’ and B-B’’) and gill (C-C’’ and D-D’’) areas. The riboprobe used is 

shown at the bottom right corner in the panel. The scale bar represents 50 μm. 
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Figure 3.4 Translation-blocking of Igfbp5a results in an increase in the number of trpv6-

expressing ionocytes 

A) Fluorescent microscopy images of GFP expression in 25 hpf embryos co-injected with 

MO and 250 pg igfbp5a-5’UTR:GFP reporter at 1~2 cell stage. B) Representative light 

microscopy images of MO injected embryos at 3 dpf. The arrow points to the region 

showing abnormality. C) Body length of MO injected embryos as shown in (B), mean + 

SD, n=3. D) Whole-mount in situ hybridization of igfbp5a mRNA in MO injected 

embryos at 2 dpf. CT, 8 ng; TB, 4 ng TB2 + 4 ng TB3. E) Number of trpv6-expressing 

ionocytes in MO injected embryos at 2 dpf (mean + SD, n=27). CT, 8 ng; TB, 4 ng TB2 + 

4 ng TB3. CT, control MO; TB, translation-blocking MO. All images are lateral views, 

anterior to the left. 
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Figure 3.5 Splice-inhibiting of Igfbp5a results in an increase in the number of trpv6-

expressing ionocytes 

A) Structure of the zebrafish igfbp5a gene. Exons are shown as boxes, and introns are 

shown as lines. Light and dark shaded areas represent UTRs and ORF, respectively. The 

splice donor site targeted by the Igfbp5a MO is underlined. The primer set used for RT-

PCR is shown as arrows. B) RT-PCR analyses of the dose-dependent effect of the 

Igfbp5a MO at 2 dpf, and the time-course effect of the Igfbp5a MO at 12 ng. C) Whole-

mount in situ hybridization of igfbp5a mRNA in MO injected embryos at 2 dpf. CT, 12 

ng; SI, 12 ng. Images shown are the yolk sac area of the zebrafish skin. D) Representative 

light microscopy images of MO injected embryos at 2 dpf. E) Body length of MO 

injected embryos as shown in (D), mean + SD, n=7. F) Number of trpv6-expressing 

ionocytes in MO injected embryos at 2 dpf (mean + SD, n=7). CT, 12 ng; SI, 12 ng. CT, 

control MO; SI, splice inhibiting MO. All images are lateral views, anterior to the left.  
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Figure 3.6 Knockdown of Igfbp5a results in an increase in Ca2+ influx and content 

A) Ca2+ influx in MO injected embryos at 2 dpf (mean + SD, n=7~8). B) Ca2+ content in 

MO injected embryos at 2 dpf (mean + SD, n=7). CT, control MO, 8 ng; TB, translation-

blocking MO, 4 ng TB2 + 4 ng TB3. 
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CHAPTER 4 
 

Insulin-like growth factor (IGF) signaling is required for proliferation of the 
trpv6-expressing Na+-K+-ATPase-rich (NaR) cells in response to insufficient 

calcium supply in zebrafish 
 

4.1 Abstract 

Vertebrate transport epithelium is a highly adaptive tissue for nutrient uptake. In 

zebrafish, igfbp5a and trpv6 co-expressing Na+-K+-ATPase-rich (NaR) cells involved in 

epithelial Ca2+ absorption increase their number in low-Ca2+ water. However, the 

underlying molecular mechanism was not clear. Here, we provide evidence that insulin-

like growth factor (IGF) signaling pathway is required for the increase of the NaR cells 

during low-Ca2+ acclimation. First, IGF1R downstream Akt signaling is specifically 

activated upon low-Ca2+ treatment. Second, inhibition of IGF1R or PI3K abolishes the 

low-Ca2+ induced cell proliferation. Furthermore, low-Ca2+ acclimation increases the 

mRNA levels of one of the IGF1R ligands, igf2a. In summary, our study revealed a role 

of IGF/PI3K/Akt signaling in Ca2+ homeostasis by regulating the proliferation of the NaR 

cells in the transport epithelia. 

4.2 Introduction 

How animals adapt their physiological status to acclimate to the changing 

environment is a fundamental question in biology. One such environmental factor is 

nutrient availability. Ca2+ is an essential ion required for many different cellular processes, 

and it is also a major component in the bone. Animals need to uptake Ca2+ from 
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environmental resources to compensate for the daily loss in renal excretion and bone 

turnover. The demand for Ca2+ uptake becomes greater during skeletal growth in fetus 

and juveniles, as well as during pregnancy in females (Hoenderop et al., 2005; Suzuki et 

al., 2008b).  

Mammalian Ca2+ uptake occurs in the transepithelial tissues, including the 

intestine, kidney, placenta, and mammary glands. Transcellular Ca2+ transport works 

through the apical Ca2+ channels TRPV5/TRPV6, the intracellular Ca2+ transporter 

calbindin-D9K/-D28K, and the basolateral Na+/Ca2+ exchanger (NCX1)/plasma membrane 

Ca2+ ATPase (PMCA1b) (Hoenderop et al., 2005; Suzuki et al., 2008b). The activity of 

transcellular Ca2+ transport is regulated by dietary Ca2+. When there is low Ca2+ 

supplementation in the diet, TRPV5/TRPV6 and calbindin gene expression becomes 

elevated (Song et al., 2003b).  

Compared with terrestrial animals, fish absorb Ca2+ from their living aquatic 

environment. They have a specialized organ, the gill, for transepithelial Ca2+ transport. 

The transcelluar Ca2+ uptake pathways are conserved between mammals and fish (Flik et 

al., 1995). The ionocytes (chloride cells or mitochondria-rich cells) in the gill are 

functionally equivalent to the epithelial cells in the mammalian transport epithelia. In the 

model organism zebrafish, a single trpv6 gene has been identified (Pan et al., 2005). 

Similar to its mammalian counterparts, trpv6 expression also increases in low-Ca2+ water 

(Liao et al., 2007). The trpv6-expressing cells are also named Na+-K+-ATPase-rich (NaR) 

cells due to their strong and specific immunoreactivity with a heterologous Na+-K+-

ATPase antibody (Hwang, 2009). In zebrafish embryos and early larvae, these cells 

scatter on the yolk sac skin. The skin of zebrafish during early development provides an 
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appealing model to study the vertebrate transepithelial transport because it is readily 

accessible for experimental observation and manipulation (Hwang, 2009).  

An interesting phenomenon of low-Ca2+ water adaptation in fish is that the 

number of chloride cells/mitochondria-rich cells/ NaR cells increases (McCormick et al., 

1992; Pan et al., 2005; Perry and Wood, 1985). However, the underlying mechanism was 

poorly understood. It was not clear whether the increased cells come from 

transdifferentiation, migration, or proliferation. More importantly, although it is known 

that calcitropic hormones such as vitamin D3 can upregulate Trpv6 (Song et al., 2003b), 

which hormone or growth factor stimulates the increase in cell number was elusive.  

Recently, we discovered co-expression of igfbp5a in the NaR cells in zebrafish 

(Chapter 3). IGFBP5a belongs to a family of high-affinity IGF binding proteins that can 

regulate the bioavailability of IGF (Dai et al., 2010). The signal of IGF ligands, IGF1 and 

IGF2, are transduced into the cells through a plasma membrane receptor tyrosine kinase 

IGF1R. Major downstream cascades include the PI3K/Akt and MAPK pathway (Samani 

et al., 2007). IGF signaling plays critical roles in cell proliferation, differential, survival, 

and cell migration. Furthermore, GH and IGF1 can stimulate the number of chloride cells 

in fish gills during seawater adaption (McCormick, 2001). Therefore, IGF signaling 

appears to be a strong candidate for low-Ca2+ water adaptation. 

In this study we aim to use zebrafish as a model to characterize the low-Ca2+ 

acclimation. We found that in addition to upregulation of trpv6, cell number gradually 

increases due to elevated cell proliferation during the larval stage. Importantly, IGF1R 

and Akt signaling is activated in the cells, and inhibition of them abolished the increase in 

cell number but not the trpv6 expression. Furthermore, locally expressed Igfbp5a and 
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Igf2a may also be involved during the acclimation. These findings provide molecular 

cues to how growth factor signaling regulates cell population during environmental 

adaptation. 

4.3 Result 

4.3.1 Low-Ca2+ acclimation results in a dramatic increase in the NaR cells and a 

correlated increase in igfbp5a mRNA expression  

We previously found that zebrafish igfbp5a is specifically expressed in the NaR 

cells, but not the atp6v1al-expressing cells (Chapter 3). It has been shown that the 

number of the NaR cells significantly increases when Ca2+ is reduced in the water (Pan et 

al., 2005). To test if igfbp5a is also regulated by Ca2+, we characterized the expression of 

igfbp5a in 5 dpf zebrafish larvae raised in artificial freshwater with different Ca2+ levels. 

Similar to trpv6 (Fig. 4.1A, middle panel), the number of the NaR cells increased 

dramatically when Ca2+ was reduced from 2 to 0.001 mM (Fig. 4.1A, top panel and Fig. 

4.1B). In comparison, the number of atp6v1al-expressing cells was not significantly 

different among the groups (Fig. 4.1A, bottom panel). The mRNA level of igfbp5a (Fig. 

4.1C) correlates with its cell number (Fig. 4.1D), indicating that the expression level of 

igfbp5a per cell is similar in different Ca2+ conditions. In contrast, trpv6 expression level 

per cell increases when Ca2+ level decreases (Fig. 4.1A, middle panel and Fig. 4.3). 

Therefore, igfbp5a expression level serves better than that of trpv6 to estimate the 

number of the NaR cells. To further test the specificity of the regulation, other ion 

concentrations were altered in similar experiments. We found that igfbp5a expression is 

only regulated by Ca2+, but not other ions (Fig. 4.1E). 

93 
 



 

4.3.2 The increased NaR cells in low-Ca2+ water is due to elevated cell proliferation 

during the larval stage  

To understand how the number of the NaR cells was elevated in low-Ca2+ water, 

we first investigated the critical time window for the cell number increase in response to 

low Ca2+. The number of the NaR cells did not change in water with different Ca2+ levels 

at 60 hpf (Fig. 4.2A). By switching embryos from normal- to low-Ca2+ water, or vice 

versa, at different time points (Fig. 4.2B and 2C), we found that low-Ca2+ treatment from 

72 to 120 hpf increased igfbp5a expression to a similar extent compared with the 5-day 

treatment (Fig. 4.2B). However, low-Ca2+ treatment during 0 to 72 hpf did not cause a 

significant change in 120 hpf larvae (Fig. 4.2C). We adopted low-Ca2+ treatment from 72 

hpf in our following experiments for two reasons: 1) the time period for treatment is 

shortened; 2) the early embryonic development is left intact, which helps us to focus on 

physiological response rather than embryonic developmental defect.  

To test if the cell number increase is due to elevated cell proliferation, BrdU 

labeling was performed. For larvae incubated in BrdU from 96 to 120 hpf, few BrdU 

positive cells were detected on the skin covering the yolk sac, in normal-Ca2+ water. In 

contrast, a large population of cells incorporated BrdU in low-Ca2+ water (Fig. 4.2D). 

When larvae were pulse labeled with BrdU during 84-96 hpf and sampled at 5 dpf, we 

also found more BrdU positive cells in the low-Ca2+ group than the normal-Ca2+ group. 

More importantly, most BrdU positive cells in low-Ca2+ water co-expressed igfbp5a, 

whereas colocalization of BrdU and igfbp5a was hardly detected in normal-Ca2+ water 

(Fig. 4.2E), suggesting that the increased the NaR cells result from elevated cell 

proliferation. Furthermore, for as short as a 30 min incubation in BrdU, we observed that 
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the majority of BrdU incorporating cells in the low-Ca2+ group are igfbp5a positive (Fig. 

4.2F), suggesting that the NaR cells are proliferating. Taken together, low-Ca2+ treatment 

induces NaR cell proliferation. 

4.3.3 Low Ca2+ acclimation increases trpv6 gene expression in addition to the NaR 

cell number change  

In addition to the cell number increase, trpv6 expression level per cell also 

increases in low-Ca2+ water (Fig. 4.1A, middle panel) (Pan et al., 2005). To further 

characterize the regulation of trpv6 expression, we performed more detailed analyses 

during different acclimation time points. First, when embryos were raised in normal- or 

low-Ca2+ water and sampled before 72 hpf (Fig. 4.2A and 3A), we found no significant 

change in igfbp5a expression level or cell number. In contrast, trpv6 expression level was 

5.58 + 2.58 fold higher in low-Ca2+ than normal-Ca2+ water at 48 hpf, and 4.35 + 1.40 

fold higher at 72 hpf (Fig. 4.3B). Second, when we switched larvae to normal- or low-

Ca2+ water at 72 hpf and sampled them every 12 hr thereafter (Fig. 4.3C), we found that 

there was no significant change of igfbp5a expression until after 24 hr (Fig. 4.3D) when a 

2.08 + 0.08 fold increase was observed at 108 hpf, and a 3.76 + 0.69 fold increase was 

observed at 120 hpf. However, trpv6 expression becomes 4.05 + 0.69 fold higher in as 

short as 12 hr and continues to increase thereafter (Fig. 4.3E). When normalized by 

igfbp5a, trpv6 expression remains 4.14-6.77 fold higher in low-Ca2+ than in normal-Ca2+ 

water (Fig. 4.3F). Third, during 24 hr acclimation to high- or low- Ca2+ water (Fig. 4.3G), 

igfbp5a expression level stays relatively constant, whereas trpv6 expression can be up- or 

down-regulated significantly (Fig. 4.3H). Such change is mostly due to the change of 

trpv6 expression level in individual cells, as revealed by in situ hybridization analysis 
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(Fig. 4.3I, lower panels). Therefore, these experiments further demonstrate that the 

increase in trpv6 gene expression is due to an increase in cell number as well as 

expression level per cell, and the latter change occurs faster than the former one. 

4.3.4 Low Ca2+ acclimation activates Akt but not MAPK signaling in the NaR cells 

through an IGF1R-dependent mechanism  

Cell proliferation is one major cellular outcome of activated IGF signaling. Major 

intracellular signaling cascades downstream of IGF1R include PI3K-Akt and MAPK 

pathways (Samani et al., 2007). To test if IGF and downstream signaling activities 

change during low-Ca2+ treatment, we examined the phosphorylation status of the IGF1R, 

Akt, and MAPK. First, we validated whether the heterogeneous antibodies work for the 

zebrafish proteins. Although all of the antibodies detected proteins of the correct size in 

western blot, only pAkt and pMAPK antibodies worked in immunohistochemistry in 

cultured zebrafish cells (data not shown). When used in zebrafish, pIGF1R staining also 

failed to yield specific signals (data not shown).  

Interestingly, when we examined the phosphorylation status of Akt and MAPK in 

5 dpf larvae that were acclimated to normal- or low-Ca2+ water, we found that the number 

of cells showing pAkt signal and the intensity of signal in the cells increase when Ca2+ 

level in the water decreases (Fig. 4.4A), and the pattern mimics that of the NaR cells (Fig. 

4.1C). In contrast, pMAPK signal was detected in some different types of cells on the 

yolk skin, and its pattern did not appear to be significantly different between normal- and 

low-Ca2+ groups (Fig. 4.4B). To examine the time course of Akt phosphorylation induced 

by low-Ca2+ water, we collected samples at different time points following low-Ca2+ 

treatment. pAkt signal starts to appear in the yolk skin cells in 30 min. The intensity of 

96 
 



 

the pAkt signal and the number of cells increase at later time points (Fig. 4.4C). To 

confirm that Akt is indeed activated in the NaR cells, we co-stained pAkt with trpv6. In a 

total of 62 pAkt positive cells examined, we found that trpv6 was co-expressed in all of 

them (Fig. 4.4D).  

To test whether IGF signaling acts upstream of Akt in the NaR cells, we assayed 

if inhibition of IGF1R would affect pAkt induction during low-Ca2+ treatment. Two 

selective pharmacological inhibitors against IGF1R, BMS-754807 (Carboni et al., 2009) 

and NVP-AEW541 (Garcia-Echeverria et al., 2004), were used. Importantly, similar to 

PI3K inhibitors wortmannin and LY294002, inhibition of IGF1R using BMS-754807 and 

NVP-AEW541 significantly reduced pAkt signal in low-Ca2+ water (Fig. 4.4E). 

Meanwhile, although MEK inhibitors U0126 and PD98059 significantly reduced 

pMAPK signal on the yolk sac skin, neither IGF1R inhibitors showed any inhibitory 

effect on the pMAPK signal (Fig. 4.4F). These results suggest that IGF1R acts upstream 

of Akt in the NaR cells, whereas the MAPK signals observed are not activated by the IGF 

signaling. 

4.3.5 IGF1R and Akt signaling is required for the low-Ca2+ induced increase in NaR 

cell proliferation 

The rapid activation of pAkt upon low-Ca2+ treatment and the following increase 

of the NaR cells prompted us to ask whether IGF signaling may play a role in the low-

Ca2+ induced cell proliferation. We titrated the dose so that the inhibitors could 

significantly reduce pAkt or pMAPK, but they did not affect survival of the larvae. Both 

BMS-754807 (14 out of 14 larvae) or NVP-AEW541 (9 out of 11 larvae) inhibited the 

cell number increase in low-Ca2+ water, albeit they had little effect in normal-Ca2+ water 
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(Figures 5A and 5B, left panels). In comparison, Notch inhibitor DAPT (Geling et al., 

2002) did not affect the cell number in either normal- or low-Ca2+ water (Figures 5A and 

5B, middle panels). We further tested whether the PI3K-Akt or MAPK pathway is 

required for the low-Ca2+ induced increase of the NaR cells. Both PI3K inhibitors, 

wortmannin (11 out of 11 larvae) and LY294002 (9 out of 12 larvae), abolished the cell 

number increase in low-Ca2+ water, whereas MEK inhibitors, U0126 and PD98059, had 

little effect (Figures 5A and 5B, right panels). 

The cell number change is further corroborated by quantifying the expression 

level of igfbp5a (Fig. 4.5C). In the DMSO control group, low-Ca2+ water induced a 

3.22 + 0.82 fold increase in igfbp5a mRNA. A similar increase is observed in the DA

U0126, and PD98059 treatment groups. Such an increase is significantly abolished in the 

BMS-754807 (0.76 

PT, 

+ 0.15 fold over normal-Ca2+ water) and NVP-AEW541 (1.55 + 0.11 

fold over normal-Ca2+ water) treatment groups, as well as wortmannin (0.89 + 0.03 fold 

over normal-Ca2+ water) and LY294002 (1.18 + 0.35 fold over normal-Ca2+ water) 

treatment groups.  

4.3.6 Igfbp5a modulates local Igf actions in the NaR cells in low-Ca2+ water 

IGF1R is activated by its ligands IGF1 or IGF2, and the availability of the ligand 

is further regulated by extracellular IGFBPs. To test if the expression levels of four 

different igf ligands (Zou et al., 2009) change between normal- and low-Ca2+ treatment 

groups, we performed whole-mount in situ hybridization. Interestingly, one of the four 

ligands, igf2a (Fig. 4.6A, middle panel), is expressed in many cells on the yolk skin in 

low-Ca2+ water, whereas its expression is barely detected in normal-Ca2+ water. 
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Expression of the other three ligands, igf1a, igf1b, and igf2b, was not detected on the yolk 

skin (Fig. 4.6A, right panel and data not shown), 

The fact that igfbp5a is distinctly expressed in the NaR cells prompted us to ask 

whether Igfbp5a plays a role in modulating IGF signaling in these cells. Since igf2a is the 

local igf that increases its expression level in low-Ca2+ water, we first tested whether 

Igfbp5a binds IGF2. Previously, we have shown that Igfbp5a can bind human IGF1 (Dai 

et al., 2010). Similarly, we confirmed that both GFP tagged and myc tagged Igfbp5a can 

bind human IGF2 in vitro (Fig. 4.6B). We next used antisense morpholinos (MOs) to 

knockdown Igfbp5a. The specificity and efficiency of the Igfbp5a targeting MOs were 

verified using 5’ untranslated region:GFP reporters (data not shown). No apparent 

morphological abnormality was observed in the Igfbp5a morphants (data not shown). 

Interestingly, compared with the control MO injected group, Igfbp5a morphants showed 

significantly reduced pAkt signal following 2 hr low-Ca2+ treatment. The signal level in 

the Igfbp5a morphants after 8 hr low- Ca2+ treatment was not significantly different from 

the control (Fig. 4.6C). Therefore, Igfbp5a appears to be a local modulator of IGF 

signaling by facilitating the rapid signal activation. However, the number of the NaR 

cells still increases in response to low-Ca2+ in the Igfbp5a morphants at 5 dpf (Fig. 4.6D). 

4.3.7 IGF signaling is also required for the low-Ca2+ induced increase of the NaR 

cells in adult zebrafish gills 

Our data suggested a new role of IGF signaling in Ca2+ homeostasis regulation by 

adjusting the population of the NaR cells in zebrafish larva (Fig. 4.7A). To test if this is 

conserved in adult Ca2+ homeostasis regulation, adult zebrafish gill, the main organ 

involved in ionoregulation, was assayed in Ca2+ acclimation conditions. Similar to what 
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happens at the larval stage (Fig. 4.3C-F), a rapid increase in trpv6 and a gradual increase 

in igfbp5a expression levels are also observed in gills when the adult fish were 

acclimated to low-Ca2+ water (Fig. 4.7B-E). Upregulation of igf2a expression (Fig. 4.7B, 

2.56 + 0.66 fold over normal-Ca2+ water, P < 0.02), but not other igf ligands or receptors 

(Fig. 4.8), was also found in adult zebrafish gills in low-Ca2+ water. Furthermore, IGF1R 

inhibitor BMS-754807 (Fig. 4.7G, 0.38 + 0.17 fold over normal-Ca2+ water) also 

abolished the increase of igfbp5a expression in response to low-Ca2+ water in the control 

group (9.86 + 5.08 fold over normal-Ca2+ water). 

4.4 Discussion 

We show that IGF signaling is required for regulating Ca2+ uptake capacity in the 

vertebrate transport epithelia. We discovered an increased proliferation rate as a cellular 

mechanism to expand the population of the NaR cells during low-Ca2+ water acclimation 

in zebrafish. We identified IGF1R/PI3K/Akt signaling as a key player during this 

physiological adaptation.  

We found that IGF signaling is necessary for low-Ca2+ adaptation in both 

zebrafish larvae and adults. However, low-Ca2+ treatment prior to 72 hpf did not increase 

the number of the NaR cells. This may be explained by the negligible demand for Ca2+ 

absorption during embryogenesis, when internal Ca2+ preserved in the yolk ball is 

sufficient for early developmental events (Pan et al., 2005). In fish gills, it has been 

shown that injecting GH or IGF increases the number of chloride cells (McCormick, 

2001). It would be interesting to test whether IGF signaling is sufficient to induce the 

NaR cells in the larvae.  
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Our study also reveals that the environmental Ca2+ level can rapidly induce 

intracellular signaling for cell proliferation. Interestingly, low Ca2+ also induces cell 

proliferation in colon cells both in vitro and in vivo (Buset et al., 1986; Kallay et al., 

1997). A model involving Ca2+-sensing receptor (CaSR) signaling has been proposed 

(Lamprecht and Lipkin, 2003; Whitfield, 2009). TRP channels are well known in sensing 

environmental stimuli (Clapham, 2003), and TRPV6 channel activity can be regulated by 

the extracellular Ca2+ level (Bodding and Flockerzi, 2004). In keratinocytes, TRPV3 

activity can induce TGF-α release to activate the EGF receptor (Cheng et al., 2010). 

Moreover, in breast cancer cells, calmodulin mediated Ca2+ signaling has been shown to 

activate Akt (Coticchia et al., 2009). Further studies are needed to clarify how Ca2+ 

signaling and IGF signaling may crosstalk to accelerate cell cycles during low-Ca2+ 

acclimation. 

Our findings may have implications in mammalian systems. We found that the 

onset of the igfbp5a expression level increase was slower compared with trpv6, and the 

magnitude was smaller. Similarly, in mammalian intestinal tissues or cell lines, induced 

expression level of Calbindin, the intracellular Ca2+-binding protein, was also found to be 

lower than that of Trpv6, and the upregulation also initiated later (Song et al., 2003b; 

Wood et al., 2001). It will be interesting to examine whether the number of cells that 

mediates Ca2+ uptake in mammalian transport epithelia also increase when the demand 

for transcellular Ca2+ transport elevates. We found that igf2a expression levels increase 

during low-Ca2+ acclimation. IGF2 has also been shown to act as a local hormone to 

trigger the tissue specific response of PRL in the mammary gland (Brisken et al., 2002). 

Placental-specific expression of IGF2 is important for fetal Ca2+ supply in mice (Dilworth 
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et al., 2010). Meanwhile, TRPV6 is also expressed in the mammary gland (Zhuang et al., 

2002) and required for maternal-fetal Ca2+ transport (Suzuki et al., 2008a). A potential 

role of IGF in regulating the mammalian TRPV6-expressing epithelial cells may be 

explored. 

This study may also provide broader insights into our understanding of how 

physiological adaption occurs at the cellular and molecular level. Change in cell 

proliferation rate in response to altered physiological conditions has been demonstrated in 

other systems, such as increased proliferation of β-cells in the pancreas during pregnancy 

(Parsons et al., 1992). Furthermore, both IGF signaling and TRPV6 expression level 

correlate with human malignancy (Peng et al., 2001b; Pollak et al., 2004; Samani et al., 

2007). Studying the mechanism of the crosstalk will aid in developing therapeutic 

strategies.  

4.5 Materials and Methods 

Experimental animals and acclimation conditions: Wild-type zebrafish (Danio 

rerio) were maintained on a 14 hr light/10 hr dark cycle at 28oC and fed twice daily. 

Fertilized eggs were raised in fish medium at 28.5 oC and staged according to the 

standard method (Kimmel et al., 1995). To inhibit pigmentation, fish medium was 

supplemented with 0.003% (w/v) N-phenylthiourea. All experiments were conducted in 

accordance with the guidelines established by the University Committee on the Use and 

Care of Animals at the University of Michigan. 

Acclimation conditions were made according to the method reported (Chen et al., 

2003) with minor modifications: artificial freshwater was prepared with double-deionized 

water (Milli-Q Academic System, Millipore, Billerica, MA, USA) supplemented with 
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adequate CaSO4•2H2O, CaCl2•2H2O, MgSO4•7H2O, MgCl2•6H2O, NaCl, Na2SO4, 

K2HPO4, KH2PO4, KCl, Na2HPO4•7H2O, and NaH2PO4•H2O. Nominal ion 

concentrations and osmolarity of the media are summarized in Table S1. Fish medium 

was refreshed every day. 

Whole-mount in situ hybridization: Digoxigenin-labeled antisense riboprobes 

for igfbp5a (Dai et al., 2010), trpv6 (Pan et al., 2005), atp6v1al (Lin et al., 2006), igf2a, 

and igf2b (Zou et al., 2009) were generated by in vitro transcription, and whole-mount in 

situ hybridization was performed as previously described (Maures et al., 2002). Images 

were captured with a compound microscope (Nikon Eclipse E600) equipped with a 

Nikon DC50NN camera or a Photometric CoolSNAP EZ camera, and a stereomicroscope 

(Leica MZ16F) equipped with a QImaging QICAM camera. 

Reverse transcription (RT)-PCR and quantitative real-time PCR (qPCR): 

Total RNA was isolated from 12~15 embryos/larvae or 1~2 adult zebrafish gills per 

sample using TRIzol reagent (Invitrogen). One μg total RNA was reverse-transcribed to 

single strand cDNA using M-MLV reverse transcriptase (Invitrogen). Semi-quantitative 

RT-PCR was performed using Taq DNA polymerase (New England Biolabs). qPCR was 

carried out using iQ SYBR Green Supermix (Bio-Rad) with an iCycler iQ Multicolor 

real-time PCR detection system (Bio-Rad). The efficiency and specificity of the qPCR 

were verified by standard curve and denaturing curve analyses. The expression level of a 

particular gene transcript was calculated based on the standard curve and normalized to 

β-actin mRNA level. Primers used are listed in Table S2. 

BrdU labeling and co-staining with in situ hybridization: BrdU labeling was 

performed by incubating the larvae in 10 mM BrdU (Sigma) dissolved in fish medium 
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(Mueller and Wullimann, 2002). BrdU staining was performed using a mouse anti-BrdU 

antibody (Sigma) at 1:100 followed by anti-mouse-HRP (Jackson ImmunoResearch) and 

Nickel-diaminobenzidine staining according to the published protocol (Shepard et al., 

2005). In situ hybridization and BrdU co-staining was performed by fluorescent in situ 

hybridization using DIG-labeled igfbp5a riboprobe followed by BrdU staining. Images 

were captured with a compound microscope (Nikon Eclipse E600) equipped with a 

Photometric CoolSNAP EZ camera. 

Whole-mount immunohistochemistry and co-staining with in situ 

hybridization: Zebrafish larvae were fixed in 4% paraformaldehyde, permeabilized in 

ethanol, and subsequently subjected to blocking with 5% serum. Samples were then 

incubated with primary antibody overnight at 4°C. Samples were washed and then 

incubated with anti-rabbit-HRP (Jackson ImmunoResearch) followed by Nickel-

diaminobenzidine staining. We used the following antibodies: rabbit anti-pAkt (Cell 

Signaling) at 1:200, rabbit anti-pMAPK (Cell Signaling) at 1:400. Images were captured 

with a stereomicroscope (Leica MZ16F) equipped with a QImaging QICAM camera, or a 

compound microscope (Nikon Eclipse E600) equipped with a Photometric CoolSNAP 

EZ camera. For in situ hybridization and immuofluorescence co-staining, samples were 

subjected to trpv6 in situ hybridization (omit proteinase K treatment) and then to pAkt 

immunofluorescence. Images were acquired using Leica TCS SP5 confocal microscope 

with the Leica LAS AF software. 

Chemical inhibitor treatment and MO microinjection: Zebrafish were treated 

with pIGF1R inhibitor BMS-754807 (JiHe Pharma) and NVP-AEW541 (Novartis); PI3K 

inhibitor wortmannin and LY294002 (Cell Signaling); MAPK inhibitor U0126 and 
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PD98059 (Cell Signaling); and Notch inhibitor DAPT (Sigma). The same concentration 

of DMSO was used for the control.  

MOs were obtained from Gene Tools (Philomath, OR, USA) and injected into 

1~2 cell stage embryos as reported (Li et al., 2005). Two translation-blocking MOs were 

designed to target against the igfbp5a start codon (5’-

CAAACTTAGCAGCATCGTCCTACTG-3’ targets nucleotides -10 to 15, and 5’-

TTTGTATCGTTTAAGGTTCCCGAGT-3’ targets nucleotides -78 to -54) and injected 

at 4 + 4 ng/embryo. A standard control MO (5’-

CCTCTTACCTCAGTTACAATTTATA-3’) was injected at 8 ng/embryo. 

Ligand blot and western blot: IGFBP::GFP and IGFBP::myc expression vectors 

were described previously (Dai et al., 2010). Human IGFBP5 ligand binding domain 

(LBD) mutant (K68N/P69Q/L70Q/L73Q/L74Q) (Imai et al., 2000) was used as a 

negative control in the GFP fusion protein group. A non-tagged GFP expressing vector 

was used as a negative control in the myc fusion protein group. The IGFBP fusion 

proteins were produced by transfecting cultured human embryonic kidney cells (HEK 

293) with an expression vector using Lipofectamine 2000 (Invitrogen). One day post-

transfection, cells were switched to serum-free medium containing 300 ng/ml heparin for 

another two days. Conditioned media were collected, and the expression levels of the 

IGFBP fusion proteins were measured by western blot using an anti-GFP antibody 

(Torrey Pines Biolabs, Houston, TX) or an anti-myc antibody (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). Their IGF binding abilities were determined by ligand blot using 

DIG-labeled human IGF1 and IGF2 following published procedure (Shimizu et al., 

2000b). 
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Statistics: Statistical differences among experimental groups were analyzed by 

one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test 

using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Correlation was 

analyzed by fitting the data to the equation Y=X to calculate r2 using GraphPad Prism 5. 

Significance was accepted at P < 0.05 or better. 
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Figure 4.1 Low Ca2+ acclimation results in a dramatic increase in the NaR cells and a 

correlated increase in igfbp5a mRNA expression 

A-B) Whole-mount in situ hybridization of 5 dpf larvae raised in artificial freshwater 

with different [Ca2+] for 5 days. Images shown are the yolk sac area of the zebrafish skin 

(A). All images are lateral views, anterior to the left. Pe, pectoral fin. The scale bar 

represents 50 μm. Number of igfbp5a-expressing cells was obtained by counting whole-

mount in situ hybridization signals in one side of the yolk sac (B, mean + SD, n=6-8). C) 

Quantitative real-time PCR measurement of relative igfbp5a mRNA levels in 5 dpf larvae 

raised in artificial freshwater with different [Ca2+] for 5 days (mean + SD, n=3). D) 

Relationship between relative number of igfbp5a-expressing cells (B) and relative 

igfbp5a mRNA levels (C). E) Quantitative real-time PCR measurement of relative 

igfbp5a mRNA levels in 5 dpf larvae raised in artificial freshwater with altered ion 

concentrations for 5 days (mean + SD, n=3). Normal, 0.2 mM Ca2+, 0.16 mM Mg2+, 0.5 

mM Na+, 0.165 mM K+, 0.5 mM Cl-, and 0.085 mM PO4
3-. Groups with no common 

letters are significantly different from each other (p < 0.05). dpf, day post fertilization. 
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Figure 4.2 The increase in the NaR cells in low-Ca2+ water is due to elevated cell 

proliferation during the larval stage 

A) Number of igfbp5a-expressing cells in 60 hpf embryos raised in artificial freshwater 

with different [Ca2+] by counting whole mount in situ hybridization signals (mean + SD, 

n=8-9). B-C) Quantitative real-time PCR measurement of relative igfbp5a mRNA levels 

of 120 hpf larvae acclimated to normal- or low-Ca2+ water (mean + SD, n=3). The 

schemes illustrate the fish raising procedures. D) BrdU staining of 120 hpf larvae 

acclimated to normal- or low-Ca2+ water starting from 72 hpf. Larvae were incubated in 

medium containing BrdU from 96 to 120 hpf. Tr, trunk; Pe, pectoral fin; Yo, yolk sac. E) 

in situ hybridization and BrdU co-staining of 120 hpf larvae acclimated to normal- or 

low-Ca2+ water starting from 72 hpf. Larvae were incubated in medium containing BrdU 

during 84-96 hpf. F) in situ hybridization and BrdU co-staining of 120 hpf larvae 

acclimated to low-Ca2+ water starting from 72 hpf. Larvae were incubated in medium 

containing BrdU for 30 min before sampling. Images shown are the yolk sac area of the 

zebrafish skin. All images are lateral views, anterior to the left. N, normal-Ca2+, 0.2 mM; 

L, low-Ca2+, 0.001 mM. hpf, hour post fertilization. The scale bar represents 50 μm. 
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Figure 4.3 Low Ca2+ acclimation increases trpv6 gene expression in addition to the NaR 

cell number change 

A-B) Quantitative real-time PCR measurement of relative igfbp5a (A) and trpv6 (B) 

mRNA levels in 48 and 72 hpf embryos raised in normal- or low-Ca2+ water (mean + SD, 

n=3). C-F) Quantitative real-time PCR measurement of relative igfbp5a (D) and trpv6 (E) 

mRNA levels and the ratio of trpv6/igfbp5a (F) in larvae acclimated to normal- or low-

Ca2+ water starting from 72 hpf and collected at different time points indicated (mean + 

SD, n=3). The scheme illustrates the fish raising procedures (C). G-I) 5dpf larvae 

acclimated to high- or low-Ca2+ water. The scheme illustrates the fish raising procedures 

(G). Relative igfbp5a and trpv6 mRNA levels were measured by quantitative real-time 

PCR (mean + SD, n=3). in situ hybridization images are shown for the yolk sac area of 

the zebrafish skin (I). All images are lateral views, anterior to the left. H, high-Ca2+, 2 

mM; L, low-Ca2+, 0.001 mM. The scale bar represents 50 μm. hpf, hour post fertilization. 
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Figure 4.4 Low Ca2+ acclimation activates Akt but not MAPK signaling in NaR cells 

through an IGF1R-dependent mechanism 

A-B) pAkt (A) and pMAPK (B) staining of 5 dpf larvae acclimated to artificial 

freshwater with different [Ca2+] starting from 72 hpf. C) pAkt staining of larvae switched 

from normal- to low-Ca2+ water at 72 hpf for the period of time indicated. D) trpv6/pAkt 

co-staining of 3 dpf larvae switched from normal- to low-Ca2+ water for 8 hr. E-F) pAkt 

(E) and pMAPK (F) staining of 3 dpf larvae acclimated to low-Ca2+ water for 8 hr. BMS-

754807 0.6 uM, NVP-AEW541 6 uM, Wortmannin 0.06 uM, LY294002 5 uM, U0126 

10 uM, PD98059 10 uM. Images shown are the yolk sac area of the zebrafish skin. Insets 

depict higher magnifications of signals in the panels. All images are lateral views, 

anterior to the left. N, normal-Ca2+, 0.2 mM; L, low-Ca2+, 0.001 mM. Tr, trunk; Pe, 

pectoral fin; Yo, yolk sac. hpf, hour post fertilization; dpf, day post fertilization. The 

scale bar represents 50 μm. 
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Figure 4.5 IGF1R and Akt signaling are required for the low-Ca2+ induced increase in 

NaR cell proliferation 

A-B) Whole-mount in situ hybridization of igfbp5a in 5 dpf larvae acclimated to normal- 

or low-Ca2+ water starting from 72 hpf. BMS-754807 0.3 uM, NVP-AEW541 2 uM, 

DAPT 30 uM, Wortmannin 0.06 uM, LY294002 5 uM, U0126 10 uM, PD98059 10 uM. 

Representative images are in (A), and proportions of the phenotype are summarized in 

(B). Images shown are the yolk sac area of the zebrafish skin. All images are lateral 

views, anterior to the left. Pe, pectoral fin. The scale bar represents 50 μm. C-D) 

Quantitative real-time PCR measurement of relative igfbp5a (C) mRNA levels and the 

ratio of trpv6/igfbp5a (D) in 5 dpf larvae acclimated to normal- or low-Ca2+ water 

starting from 72 hpf (mean + SD, n=3). BMS-754807 0.6 uM, NVP-AEW541 2 uM, 

DAPT 30 uM, Wortmannin 0.06 uM, LY294002 5 uM, U0126 10 uM, PD98059 10 uM. 

* p < 0.05 compared with the DMSO group in normal-Ca2+ water. N, normal-Ca2+, 0.2 

mM; L, low-Ca2+, 0.001 mM. hpf, hour post fertilization; dpf, day post fertilization. 
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Figure 4.6 Igfbp5a modulates local Igf actions in the NaR cells in low-Ca2+ water 

A) Whole-mount in situ hybridization of 5 dpf larvae acclimated to normal- or low-Ca2+ 

water for 5 days. B) Zebrafish Igfbp5a and human IGFBP5 proteins for ligand blot with 

DIG-labeled IGF1 or IGF2, and western blot with an anti-GFP or an anti-myc antibody. 

LBD, ligand binding domain mutant. C) pAkt staining of 3 dpf morphants acclimated to 

low-Ca2+ water for 2 hr or 8 hr. D) Whole-mount in situ hybridization of trpv6 in 5 dpf 

larvae acclimated to low-Ca2+ water starting from 72 hpf. Images shown are the yolk sac 

area of the zebrafish skin. All images are lateral views, anterior to the left. N, normal-

Ca2+, 0.2 mM; L, low-Ca2+, 0.001 mM. Pe, pectoral fin. hpf, hour post fertilization; dpf, 

day post fertilization. The scale bar represents 50 μm. 
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Figure 4.7 IGF signaling is also required for the low-Ca2+ induced increase of the NaR 

cells in adult zebrafish gills 

A) Model for the role of IGF signaling in regulating the population of trpv6-expressing 

cells in adaptation to altered environmental Ca2+ concentration. B-E) Quantitative real-

time PCR measurement of relative igfbp5a (C) and trpv6 (D) mRNA levels and the ratio 

of trpv6/igfbp5a (E) in gills of adult zebrafish acclimated to normal- or low-Ca2+ water 

for the period of time indicated (mean + SD, n=4). The scheme illustrates the fish raising 

procedures (C). F) Quantitative real-time PCR measurement of relative igf2a mRNA 

levels in gills of adult zebrafish acclimated to normal- or 1/50 Ca2+ water for 2 weeks 

(mean + SD, n=4). G) Quantitative real-time PCR measurement of relative igfbp5a 

mRNA levels in gills of adult zebrafish acclimated to normal- or low-Ca2+ water for 4 

days (mean + SD, n=4). BMS-754807 0.3 uM. N, normal-Ca2+, 0.2 mM; L, low-Ca2+, 

0.001 mM.  
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Figure 4.8 (supplementary to Figure 4.7.) Expression analysis of components in the IGF 

system in zebrafish larvae and adult gill 

Semi-quantitative RT-PCR of the genes indicated. cDNA samples were from 5 dpf larvae 

acclimated to normal- or low-Ca2+ water for 5 days, and gills of adult zebrafish 

acclimated to normal- or 1/50 Ca2+ water for 2 weeks. 3 biological replicates were used 

for each group.  



 

Medium 
Ion concentration, mM Osmolarity

mOsmol/L [Ca2+] [Mg2+] [Na+] [K+] [Cl-] [PO4
3-] [SO4

2-] 

0.001 mM [Ca2+] 0.001 0.16 0.5 0.165 0.5 0.085 0.161 1.572 

0.02 mM [Ca2+] 0.02 0.16 0.5 0.165 0.5 0.085 0.18 1.610 

0.2 mM [Ca2+] 0.2 0.16 0.5 0.165 0.5 0.085 0.360 1.970 

2 mM [Ca2+] 2 0.16 0.5 0.165 0.5 0.085 2.16 5.570 

Normal 0.200 0.160 0.500 0.165 0.500 0.085 0.360 1.970 

1/50 Ca2+ 0.004 0.160 0.500 0.165 0.500 0.085 0.164 1.578 

1/50 Mg2+ 0.200 0.003 0.500 0.165 0.500 0.085 0.203 1.656 

1/50 Na+ 0.200 0.160 0.010 0.165 0.500 0.085 0.115 1.235 

1/5 K+ 0.200 0.160 0.500 0.003 0.500 0.085 0.279 1.727 

1/50 Cl- 0.200 0.160 0.500 0.165 0.010 0.085 0.605 1.725 

1/50 PO4
3- 0.200 0.160 0.500 0.165 0.500 0.002 0.441 1.968 

 
Table 4.1 Nominal ion concentrations and osmolarity of the fish media
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Purpose Target 
gene Accession number Primer sequence 

Quantitative 
real-time 

PCR 

β-actin NM_131031 
5'-GATCTGGCATCACACCTTCTAC-3' 

5'-CCTGGATGGCCACATACAT-3' 

igfbp5a NM_001098754 
5'-GCTGCACGCTCTGCTTTAC-3' 

5'-AATGGAACCTTGGCCTGAG-3' 

trpv6 NM_001001849 
5'-GGACCCTACGTCATTGTGATAC-3' 

5'-GGTACTGCGGAAGTGCTAAG-3' 

igf2a NM_001001815 
5'-TAACCCTGTCTGCCTTCG-3' 

5'-CTGTGGGAAGAAGGATGG-3' 

Semi-
quantitative 

RT-PCR 

igf1a NM_131825 
5'-CACGCTGCAGTTTGTGTGT-3' 

5'-GAAGAGTGGCTATGCCCAGAT-3' 

igf1b NM_001115050 
5'-CTCTGTGCTGCGTTCTCATC-3' 

5'-GCGTTCGCTCTCTGATTCTC-3' 

igf2a NM_001001815 
5'-TAACCCTGTCTGCCTTCG-3' 
5'-CTGTGGGAAGAAGGATGG-3' 

igf2b NM_131433 
5'-TCAAACAGCCGCCGTCCTC-3' 

5'-TGGGACGATGGCAGGTTG-3' 

igf1ra NM_152968 
5'-CGTACCTCAATGCCAACAAG-3' 

5'-TAGGGCTGTTCGGCTAATGT-3' 

igf1rb NM_152969 
5'-AGACAAGGACAGACTGCATC-3' 

5'-GTCTCGTCCTCCTGTTTCAT-3' 

igfbp5a NM_001098754 
5'-GGGTACATGTGGACGAGGA-3' 

5'-GAAAGAGCCATCACTCTGGAA-3' 

igfbp5b NM_001126463 
5'-GGGAGTGTGTACGAACGAGAA-3' 

5'-TCCTGTCACAGTTAGGCAGGTA-3' 

trpv6 NM_001001849 
5'-GCTGCGAGTCACTGGAATA-3' 

5'-ACCGACGCTCACCTCAAACT-3' 

atp6v1al NM_201135 
5'-CCTGGAGGTGGCTAAACTCA-3' 

5'-GCTTCACCCTCTTTCACTGG-3' 

β-actin NM_131031 
5'-GCCGGTTTTGCTGGAGATGAT-3' 

5'-ATGGCAGGGGTGTTGAAGGTC-3' 
 
Table 4.2 Oligonucleotide primers used Chapter 4 
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CHAPTER 5 
 

Conclusions and future directions 
 

5.1 Summary of contributions 

5.1.1 Two zebrafish igfbp5s: gene duplication and functional diversification 

The diversity of protein repertoire is largely achieved by domain recombination 

and gene duplication (Chothia et al., 2003). A multi-domain protein often possesses 

several biochemical properties and exerts pleiotropic functions in a spatial- and temporal-

specific manner. Following gene duplication, sub-functionation or neo-functionation 

happens to prevent the redundant gene from becoming a pseudogene (Prince and Pickett, 

2002). One of the well-characterized molecular mechanisms is through partitioning of 

cis-regulatory elements, resulting in a divergent expression pattern (Kleinjan et al., 2008). 

However, divergence in biochemical properties of the conserved domains is not well 

understood. My study of the duplicated zebrafish igfbp5 genes extends the understanding 

of functional diversification after duplication. In this study, I found that the two igfbp5 

genes diverge in both expression patterns and biochemical properties. Specifically, 

igfbp5a and -5b are expressed in spatially restricted, mostly non-overlapping domains 

during early development. While zebrafish Igfbp5b possesses transactivation activity, 

zebrafish Igfbp5a lacks this activity. I further deciphered the molecular basis underlying 

such diversification using mutational analysis, and I revealed that two unique amino acids 

in positions 22 and 56 of Igfbp5a are responsible for its lack of transactivation activity. 
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The question remains whether the denoted divergence in biochemical properties have 

functional significance in vivo. 

5.1.2 Igfbp5a in the trpv6-expressing NaR cells: a new regulator of calcium 

homeostasis  

The trpv6-expressing NaR cells in zebrafish mediate epithelial Ca2+ absorption. 

However, it is not clear how their cell fate is controlled. In this study, I found that igfbp5a 

is specifically expressed in the NaR cells. I mapped the expression onset of igfbp5a and 

trpv6 and found that they start to express at the same developmental stage. A loss-of-

function approach was used to test the role of Igfbp5a in the NaR cells. An increase in the 

number of the NaR cells was found in the Igfbp5a morphants, together with elevated Ca2+ 

content and Ca2+ influx. These findings suggest that Igfbp5a negatively modulates the 

population of the NaR cells. This is the first study that links IGFBP5 with Ca2+ 

homeostasis by controlling the number of the NaR cells. The cellular and molecular 

mechanism underlying the function of Igfbp5a, however, awaits further testing. 

5.1.3 The IGF system in low-calcium acclimation: growth factor signaling in 

environmental adaptation 

Hormones and growth factors are important regulators of homeostasis, and they 

function in physiological adaptation to the changing environment. In zebrafish, the trpv6-

expressing NaR cells increase their number in low-Ca2+ water. However, the underlying 

mechanism was not known. In this study, I provide evidence that IGF signaling plays a 

role in low-Ca2+ acclimation by inducing the proliferation of the NaR cells. First, Akt 

phosphorylation is elevated in the NaR cells in low-Ca2+ water, and it is dependent on 

IGF1R activity. Second, DNA synthesis follows rapid pAkt induction in the NaR cells. 
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Third, the increase of the NaR cells in low-Ca2+ water is inhibited by blocking IGF1R 

and PI3K. In addition, I found that knockdown of IGFBP5a attenuated rapid pAkt 

induction in low-Ca2+ water. igf2a is locally produced in the skin and its expression is 

upregulated in low Ca2+ water. Based on these findings, I propose a model that in low-

Ca2+ water, IGFBP5a promotes IGF2a to activate the IGF1R/PI3K/Akt pathway, which 

leads to proliferation of the NaR cells. Further experiments on how low-Ca2+ water 

triggers IGF signaling activation will be needed to answer how the environmental stimuli 

are sensed and relayed to the intracellular signaling pathways (Fig. 5.1).  

5.2 Future directions 

5.2.1 Understand how low-calcium water activates IGF signaling. 

When switched to low-Ca2+ water, Akt in the trpv6-expressing NaR cells in 

zebrafish larvae becomes phosphorylated. Weak pAkt signal can be detected in 30 min, 

and the signal becomes strong after 8 hrs. It is not clear how external Ca2+ level is sensed, 

and how IGF signaling is activated. In mammalian colon cells, low extracellular Ca2+ has 

been shown to induce cell proliferation in colon cells both in vitro and in vivo (Buset et 

al., 1986; Kallay et al., 1997), and a model involving CaSR signaling has been proposed 

(Lamprecht and Lipkin, 2003; Whitfield, 2009). CaSR is activated by high extracellular 

Ca2+ levels. Zebrafish also express CaSR (Okabe and Graham, 2004), although its mRNA 

level is low in the larvae and did not change in low-Ca2+ water (Fig. 5.3). CaSR 

expression in the NaR cells can be examined by in situ hybridization. CaSR agonists 

(Nemeth et al., 1998) and antagonists (De Santis et al., 2009) can be used to test if 

activating CaSR will inhibit pAkt elevation in low-Ca2+ water, and if inhibiting CaSR 

will induce pAkt in normal-Ca2+ water. 
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TRPV6 activity is also regulated by extracellular and intracellular Ca2+ levels 

(Hoenderop et al., 2005). TRPV6 is highly expressed in prostate cancer cells (Fixemer et 

al., 2003; Peng et al., 2001). In LNCaP human prostate cancer cells, siRNA knockdown 

of TRPV6 decreased cell proliferation and increased apoptosis (Lehen'kyi et al., 2007). 

To test if increased Trpv6 channel activity is required for activating IGF signaling in the 

NaR cells, TRPV6 blockers such as ruthenium red (Nilius et al., 2001) and lanthanum 

(Yue et al., 2001) can be used. In a pilot experiment, I found that both ruthenium red and 

lanthanum inhibits pAkt in low-Ca2+ water (Fig. 5.2). Since these blockers are not 

specific to the TRPV6 channels, antisense MOs (Tseng et al., 2009) can be used to target 

Trpv6 to confirm the specificity.  

Besides the possible local change of Ca2+ signaling in the NaR cells, a systematic 

endocrine regulation may also be involved. I found that igf2a is locally produced in the 

skin and its expression is upregulated in low Ca2+ water. Studies show that IGF 

expression can be upregulated by prolactin (PRL) (Brisken et al., 2002; Hovey et al., 

2003), growth hormone (GH), and parathyroid hormone (PTH) (Linkhart and Mohan, 

1989; McCarthy et al., 1989). In fish, GH and IGF1 are well known for their role in 

seawater acclimation, and PRL is thought to be involved in freshwater adaptation 

(Sakamoto and McCormick, 2006). Somatolactin (SL) belongs to the GH/prolactin (PRL) 

family of pituitary hormones, but so far it has only been found in fish (Fukada et al., 

2005). SL may play a role in regulating Ca2+ balance in fish: changes in SL plasma levels 

and sl pituitary gland mRNA expression at low ambient Ca2+ were observed, albeit only 

after several days (Kakizawa et al., 1993). From a preliminary screening of the 

expression of these hormones potentially involved in low-Ca2+ acclimation, I found that 
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pth1a, prl, and smtl1b mRNA levels are upregulated in low-Ca2+ water, but not pth1b, gh, 

and smtl1a (Fig. 5.3). Interestingly, knockdown of Prl and Sl, but not Gh, in zebrafish 

inhibits swimming bladder inflation (Zhu et al., 2007), a phenotype also observed in the 

low-Ca2+ treated larvae. However, in pit1 mutants that lack lactotropes (expresses PRL) 

and somatotropes (expresses GH), swimming bladder inflation was normal (Nica et al., 

2004). It will be interesting to test if the Prl/Sl morphants, or the pit1 mutants, can still 

increase the number of the NaR cells in low-Ca2+ water. In addition, Pth1a MO can be 

designed and tested. 

5.2.2 Explore how IGF signaling functions in low-calcium acclimation 

During low-Ca2+ acclimation, pAkt in the trpv6-expressing NaR cells is induced 

through an IGF1R-dependent mechanism. Pharmacological inhibition of IGF1R and 

PI3K abolished the increase of the NaR cells. The IGF1R/PI3K/Akt pathway has been 

shown to induce cell proliferation by upregulating cyclin and downregulating cyclin-

dependent kinase inhibitor (CDKN) (Dupont et al., 2003). It may increase cyclin D1 

levels by increasing its translation through mTOR (Muise-Helmericks et al., 1998), or by 

enhancing its stability and translocation into the nucleus through inhibition of GSK3B 

(Diehl et al., 1998; Hamelers et al., 2002). It may also downregulate CDKN1B through 

FOXO1 (Medema et al., 2000). Further studies of the downstream targets will help to 

elucidate whether the IGF1R/PI3K/Akt signaling pathway directly or indirectly leads to 

cell proliferation. Meanwhile, IGF1R/PI3K/Akt signaling has anti-apoptotic effects 

(Samani et al., 2007). Whether blocking IGF1R/PI3K/Akt signaling increases apoptosis, 

which leads to reduced cell number in low-Ca2+ water, also needs to be tested.  
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It is not known whether activation of the IGF1R/PI3K/Akt signaling pathway 

affects Trpv6 channel activity directly. IGF1 has been shown to affect TRPV1 and 

TRPV2 channel activity by regulating their translocation to the plasma membrane 

(Kanzaki et al., 1999; Van Buren et al., 2005). We found that IGF signaling does not 

regulate Trpv6 at the transcriptional level, since pharmacological blockage of IGF1R and 

PI3K did not affect trpv6 mRNA level per cell. It remains to be tested whether inhibiting 

IGF signaling affects Trpv6 channel activity. 

5.3 Conclusions and perspectives 

Taken together, the study of the duplicated igfbp5s in zebrafish uncovers an 

unexpected role of the IGF system in Ca2+ homeostasis. It also contributes to our 

understanding of how growth factor signaling works in physiological adaptation. 

Furthermore, the findings made in this study raise new research questions such as how 

signaling pathways that lead to cell proliferation can be activated by environmental 

changes.



 

 

Figure 5.1 A proposed model on how epithelial Ca2+ absorption is increased in 

acclimation to low environmental Ca2+ supply: 

1) Environmental trigger: Decrease in environmental Ca2+ level. 2) Ca2+ signaling: Trpv6 

channel activity induces IGF1R-Akt signaling and stimulates Igf2a expression and 

possibly secretion. 3) IGF signaling: the increased Igf2a increases Akt phosphorylation 

via its binding to the Igf1r; this effect of Igf2a is potentiated by Igfbp5a specifically 

expressed in NaR cells. 4) Cell cycle: activation of PI3 kinase-Akt increases the 

proliferation rate of NaR cells. 5) Acclimation: Increased Trpv6 expression per cell and 

number of NaR cells increase Ca2+ absorption rate (Pan et al., 2005).  
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Figure 5.2 The TRPV6 inhibitors, ruthenium red or lanthanum, abolish low-Ca2+ water-

induced Akt phosphorylation.  

pAkt staining of 3 dpf larvae acclimated to water with different Ca2+ levels and inhibitors 

for 8 hr. The concentration of Ca2+ and inhibitor used is at the top. 12 larvae were 

analyzed in each treatment group. The number of larvae showing the respresentative 

pAkt staining versus the total number in each treatment group is at the bottom right in 

each panel. All images are lateral views, anterior to the left. RR, Ruthenium red. La3+, 

lanthanum. 
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Figure 5.3 Expression anaylysis of several endocrine hormones in zebrafish larvae in 

response to change in Ca2+ levels in the water.  

The left panel illustrates the fish raising procedures. The right panel shows semi-

quantitative RT-PCR of the genes indicated. 3 biological replicates were used for each 

group. N, normal-Ca2+, 0.2 mM; L, low-Ca2+, 0.001 mM. 
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