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Abstract

Calcium ion has diverse beneficial roles in living organisms. Failure in Ca2+
homeostasis affects a variety of molecular and cellular processes, ultimately leading
to many pathological consequences. In mammals, body Ca2+ homeostasis is
maintained by the coordinated calcium (re)absorption that occurs in the small
intestines, kidneys and bones, and is under tight hormonal control. In fish, two
special organs, Corpuscles of Stannius (CS) glands and gills form a regulatory circuit
to detect and regulate blood Ca2+ homeostasis. However, the underlying molecular
mechanism in the regulation of gill Ca2+ uptake has not been fully examined.
Moreover, some putative biological active substances in CS glands have not been
identified. To address these research questions, a euryhaline fish, Japanese eel
(Anguilla japonica) was used as an animal model for the study.

Fish gill is equipped with epithelial calcium channel (ECaCl) as gatekeeper of Ca2+

entry, and membrane Ca2+-ATPase (PMCA) for Ca2+ efflux. To test if branchial
ECaCl and PMCA responded to change in water Ca2+ level, we investigated the
changes in fish adapted in artificial freshwater (AFW), Ca2+-deficient AFW (D-AFW)
or high Ca2+-AFW (H-AFW). Our data illustrated both short-term and long-term
effects on modulations of the transporters. The changes correlated with expression
levels of stanniocalcin-1 (STC-1) in CS glands. This part of study supports the
regulatory circuit between gills and the glands. In primary cell culture of Japanese
eel gill cells, Ca2+ sensing was shown to be mediated by Ca2+ sensing receptor (CaSR)
coupled to phospholipase C (PLC)-extracellular signal-regulated kinase (ERK) and
PLC-inositol triphosphate (IP3)-Ca2+/calmodulin-dependent protein kinase-II
(CaMK-II) pathways. And CaSR-STC-1/cyclo-oxygenase-2 (COX-2) mediated
protective pathway in gill cells that exerts a possible protective mechanism against an
increase in intracellular Ca2+ levels associated with transepithelial Ca2+ transport.
Apparently, the protective effects against Ca2+-mediated cytotoxicity of gill cell were
mediated by STC-1 binding on gill cells that led to elevations of cytosolic cAMP. In
a follow-up experiment of using Ca2+-imaging system in a model of thapsigargin
(TG)-induced elevation of cytosolic Ca2+, a hypocalcemic action of STC-1 was
demonstrated and was found to be mediated by cAMP and COX-2 pathway. To
further determine the gene expressed in CS gland responsive to changes in water
salinity, the first transcriptome database of CS glands from fish adapted in freshwater
or seawater condition. A de novo assembly of RNA sequencing data generated
11747 unigenes and revealed 475 genes that were differentially expressed. Three
functional clusters: (1) Ca2+-metabolism, (2) blood pressure and (3)
ion-osmoregulation were revealed. Gene targets, in addition to STC-1 in related to
the regulation of calcium metabolism and blood pressure, like calcitonin, atrial
natriuretic peptide-converting enzyme and endothelin-converting enzyme 1 were
identified. Taken together this thesis described a comprehensive study on the
functional circuit between gills and CS glands to decipher the regulation and
functions of transporters and hormones in calcium metabolism in fish.
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Chapter 1

Literature Review

1. Japanese eel and its life cycle

(I) Classification

Eels are teleost fish that inhabit in wide-range of waters around the earth. They

belong to the order Anguilliformes, which consists of 4 suborders, 19 families, 110

genera and approximately 600 species. The family Anguillidae consists of 19

species and 6 sub-species and all of these species are under the same genus, Anguilla.

They are catadromous, such as some common species, including Anguilla anguilla

(European eel), Anguilla australis (Australian and New Zealand eel), Anguilla

rostrats (American eel) and Anguilla japonica (Japanese eel). Japanese eels can be

found in Japan, Korea, the East China Sea, northern Philippines and Vietnam

(Masuda et al., 1984).

(II) Life Cycle of Japanese Eel

Japanese eel has a very special life cycle (Fig. 1.1). They are catadromous, mostly

living in freshwater but migrate to seawater to spawn. The spawning area of this

fish species was discovered in 1991 by Japanese scientists Tsukamoto, in a small area

near Suruga Seamount to the west of the Mariana Islands (14–17° N, 142–143° E)

(Tsukamoto, 1992). This finding was further confirmed by the same research team

on the basis of the genetic data of newly hatched preleptocephali (Tsukamoto, 2006).

Generally the fish spawns in June and July (Tzeng, 1990). Then the eggs hatch into

“leptocephali”, thin transparent leaf-like larvaes, those consume plankton or organic

detritus (Aoyama et al., 2001). Those larvaes are carried by Kuroshio Current,

which takes them north to their freshwater habitats in the East Asia (Fig. 1.2)

(Tsukamoto, 2006). This process may take about 5 to 6 months before the fish
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arriving freshwater habitats. During the journey, they are transformed into“glass

eels”, which grow larger in size but is still transparent in the appearance. Once they

reach freshwater habitats, the fish continue to grow and enter an “elver” (juvenile)

stage, resembling numerous morphological characteristics of an adult fish, like skin

pigmentation. They can feed on small crustaceans, worms and insects at this stage,

making they grow to a phase of “yellow eels” with golden pigmentation. Yellow

eels swim further inlands from estuaries to rivers, streams, lakes and ponds, starting to

secrete mucus from skin cells to form a protective slimy layer. They live as the stage

of yellow eels for another 5-8 years (Han et al., 2003; Tzeng, 2000), then the fish

undergo another series of morphological transformation, including skin pigmentation

on dorsal side, maturation of sex organs and lastly developed into the stage of “silver”

eels. The fish then return to the ocean, to spawn in their original birth place

(LokmanYoung, 1998; Han et al., 2003). It is a complex, and a long life cycle for

a fish.

In the long journey for sexually matured eels to return back to the ocean to spawn,

they mostly consume their own fat reserves for energy expenditure. Since feeding is

no longer necessary during the migration, their guts start to degenerate (Pankhurst 

Sorensen, 1984). In addition, some other physical and biochemical changes

occurred in the fish during the migration. For example, their eyes start to enlarge in

size and eye pigments are changed from red to blue light sensitive spectrum for better

vision in a deep sea. Their bodies turn silvery to produce camouflage effects to

avoid predators in the open sea. Their swimming bladders are turned to withstand

greater water pressure. Osmoregulatory organs such as gills, intestines and kidneys

are functionally transformed into different physiological status as compared with the

time living in freshwater. For examples, the functions of gill and gut tissues could

be induced to excrete salts (Shirai  Utida, 1970), and absorb water respectively for

hyper-osmoregulation (Pankhurst  Sorensen, 1984). After spawning, the fish die

(Tesch 1977; Tsukamoto 1992), leaving new generations to start their new life cycle.

Because of this interesting life cycle and physiological adaptation from freshwater to
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seawater environments, eels are a good model for physiologists to study many

adaptative processes. One of the most important tissues that regulates the body ion

contents during the migration, is the fish gill. The other is a unique endocrine gland,

Corpuscles of Stannius (CS).

Fig. 1.1 Life cycle of Japanese eels.
(Source:http://bioweb.uwlax.edu/bio203/s2009/peaslee_alex/Anguilla_Japonica/Life
_Cycle.html)

Fig. 1.2 Habitats of Japanese eels at different immature stages through its life
cycle.
(Modified from the publication “Oceanic biology: Spawning of eels near a seamount”
by Tsukamoto, 2006)
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2.Anatomical Structure Fish Gills and theMajorTypes of Epithelial Gill Cells

(I) Fish Gill

In the past half-century, researchers from different laboratories have demonstrated

that fish gill is a multi-functional organ. Anatomically fish gills form a thin barrier

separating the external and internal environments (Evans et al., 2005; Olson, 2002).

Since it is a relative fragile structure, gill is covered and protected by a thin and bony

flap called an operculum (Fig. 1.3). Gills are bilaterally located on both side of

pharynx and compose of arch-like structure to support gill filaments, which help to

increase surface area for material exchange. In teleosts, there are total eight pairs

(four pairs on each side) of holobranch gills in branchial chambers. The

inter-branchial septum is extended to the base of the filaments to enhance free

movement. The first recognized function of gills is for gas exchange. Subsequent

studies have revealed its important role in ion-osmoregulation, pH balance, excretion

of nitrogenous wastes, and hormone metabolism. In response to changes in water

chemistry in the natural environments (i.e. water hardness, salt levels and pH), those

challenge the ion-osmoregulatory functions of fish gills, molecular remodeling in gill

tissues is stimulated to express different ion channels (channels of Na+ and Cl-),

transporters (Ca2+ transporters, Na+/Ca2+ exchanger, Na+/H+ exchanger) to restore

homeostasis (Evans et al., 2005; Olson, 2002; Perry et al., 2003).

Fig. 1.3 A schematic diagram of fish gills. (Modified from Wilson  Laurent,
2002)
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The basic functional unit of fish gill is a filament. It is a long and narrow finger-like

structure that supports the basic respiratory unit called a lamella, which is a flattened

plate-like appearance, extending out from both the upper and lower surfaces of

filaments. Lamellae are arranged perpendicular to and evenly distributed on the

long axis of the filament. The spaces between lamellae (interlamellar space) are

channels to guide water flows. The presence of large numbers of filaments and

lamellae greatly increase the surface to volume ratio for gaseous and ion exchange.

The direction of water flow to gills is parallel to the arrangement of lamellae, and is in

the opposite direction of intra-lamellar blood flow. This forms a countercurrent

system to increase the efficiency of gaseous exchange and facilitate the processes for

ion and water exchange between body and the environment (Fig. 1.4) (Evans et al.,

2005).

Fig. 1.4 Countercurrent flow in fish gills. (Modified from Evans et al., 2005)

(II) Epithelial Gill Cells

Gill filaments including lamellae are covered by an epithelium. The gill epithelium

is composed of several distinct cell types (Laurent, 1984; Olson, 2002).

Gill
filaments

Gill arch Blood
vessel

Oxygen-rich
blood

Oxygen-poor
blood

Lamella
Water
flow
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Non-differentiated cells are found in the inner layers of primary filaments while

differentiated cells, pavement cells (PVCs), the most abundant cell type covering the

epithelium, are found in the outermost layer. In addition, mitochondria-rich cells

(MRCs) often referred as "chloride cells" (CCs), are less abundant and mainly located

at the base of lamellae (Evans et al., 2005).

(i) Pavement Cells (PVCs)

Pavement cells (PVCs) are the most abundant cell types in a gill epithelium, it covers

>90% of the gill epithelial surface. When compared with CCs, PVCs contain less

mitochondria, but have well-developed Golgi apparatus and rough endoplasmic

reticulum (Laurent, 1984; Laurent  Dunel, 1980). The PVCs are in columnar or

squamous shape and have extensive apical surface which is polygonal in shape with

finger-like projection called microridges (microplicae). These components form the

concentric rings and so the microridges appear as“fingerprint like structure, which is

believed to increase the functional surface area (Wilson  Laurent, 2002; Wong 

Chan, 1999a).

The PVCs were believed to be less important than CCs for years and not much work

focused on studying the functions of PVCs. However, recent evidences have

demonstrated that the PVCs are also involved in ion and acid-base regulation. A

study in rainbow trout (Oncorhynchus mykiss) showed that PVCs may play role in

Ca2+ uptake, under a condition of reduced branchial CC number (MacKenzie Perry,

1997). In addition, increases of PVCs' apical surface areas in gills of brown

bullhead and rainbow trout were found after hypercapnia and alkaline exposure (Goss

et al., 1994; Laurent et al., 2000). Moreover, the approach of establishing primary

cell culture has recently been used by physiologists to study gill functions. By using

gill cell culture (mostly PVCs) grown on permeable membrane, a measurement of
36Cl- secretion rate indicated Cl- secretion through different chloride channels

expressed in PVCs (Avella and Ehrenfeld, 1997). Hyperosmotic stress induced

histone H3 phosphorylation and various signaling pathways (i.e. ERK1/2, p38
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MAPK, JNK, CREB, MARCKS and MLCK) as well the expression of transcription

factors and osmolyte transporters (i.e. Na+/K+-ATPase, TauT and Ostf) in primary gill

cell culture of freshwater eels were demonstrated (Chow  Wong, 2011). All these

evidences suggested that the PVCs are involved in ion and acid-base regulation.

(ii) Chloride Cells (CCs)

CCs are also called as ionocytes or mitochondrion-rich cells. They are large

ovoid-shaped, with apical membranes of concave in shape, characterized by apical pit

structures. They were named after the discovery of their functions and cytological

features in related to Cl- secretion (Keys  Willmer, 1932). When compared with

PVCs, the populations of CCs are noticeable lesser (<10%). CCs are mainly

localized in inter-lamellar space and on the trailing edge of gill filaments. The cells

contain a high abundance of mitochondria which supply ample adenosine

tri-phosphate (ATP) as an energy source for active ion transport (Claiborne et al.,

2002; Evans et al., 2005; Marshall, 2002; Uchida et al., 2000; Van Der Heijden et al.,

1997). Using fluorescence-labeled peanut-lectin agglutinin (PNA-FITC), there were

two subtypes of CCs, PNA+ and PNA- identified in the gills of freshwater rainbow

trout (Galvez et al., 2002; Goss et al., 2001). PNA+ CC was classified as a

high-affinity and high-capacity cell type for apical entry of Cd2+ and Ca2+ (Galvez et

al., 2006). The two CC subtypes were also identified in gill epithelia of Japanese

eels (Wong Chan, 1999b).

(iii)Accessory Cells (ACs)

The third type of gill epithelial cells known to be involved in ion transport, is

accessory cells (ACs). As compared to MRCs, ACs contain high density of

mitochondria although the cells are smaller with a less-developed tubular system and

lesser expression level of Na+-K+-ATPase (Hootman  Philpott, 1980). The

physiological importance ofACs is debatable. In some fish species (e.g. brown trout;

Salmo trutta), ACs appeared to be a well-defined, discrete cell type (Pisam et al.,

2000), whereas in others (e.g. tilapia), the appearance of ACs were suggested to be a
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particular stage of developing MRCs (Wendelaar et al., 1990; Wendelaar  van der

Meij, 1989). Regardless, in seawater teleosts, in the process of formation of the

multicellular complexes between ACs and MRCs, the junctions formed between

MRCs and ACs were considered to be ion leakage (Hootman  Philpott, 1980,

Sardet et al., 1979).

In summary, fish gill is an important tissue structure for gaseous exchange and

ion-osmoregulation. Its functions are known to be regulated by different hormones

(i.e. prolactin, growth hormone, cortisol, natriuretic peptides, and stanniocalcin-1)

(Evans et al., 2005; Khanal  Nemere, 2008). The hypocalcemic hormone STC-1

is known to be synthesized and secreted by a unique endocrine gland, corpuscle of

Stannius (CS) to inhibit gill Ca2+ uptake (Khanal  Nemere, 2008; Lu et al., 1994;

Sundell et al., 1992).

3. Corpuscles of Stannius (CS)

The CS gland was discovered by Professor Stannius H in 1839 (Stannius, 1839).

The gland is a unique endocrine structure among vertebrates as it has only been

identified in holostean and telesotean fishes. Previous studies suggested that the

number and anatomical location of CS glands reflect evolutionary changes during the

development of primitive kidneys in fishes (Pang  Schreibman, 1986). In

primitive fishes (i.e. bowfin) the numbers of CS gland is greater, and is located in the

middle of mesonephric kidneys. In more advanced species (i.e. teleosts fish) the

number of CS gland is usually reduced to one pair of relatively large bodies, located

in the posterior part of mesonephric kidneys (Pang  Schreibman, 1986). In this

study, the fish model Japanese eel is the one with a pair of CS glands, located in the

posterior part of the kidney (Fig. 1.5). The two main functions of CS glands were

reported to regulate calcium homeostasis and cardiovascular function (Butler 

Zhang, 2001; Pang  Schreibman, 1986). In the past decades, most researchers

have focused on the Ca2+-regulatory role of the glands (details describe in Section

4-(II)-(i)).
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Fig. 1.5 The anatomical location of CS glands in Japanese eels.

4. Ca2+Homeostasis

(I) Ca2+Homeostasis inMammals

In mammals, body Ca2+ homeostasis is maintained by the coordinated calcium

(re)absorption that occurs in the small intestines, kidneys and bones, and is under

tight hormonal control (Khanal & Nemere 2008a; Suzuki et al. 2008b). Transcellular

and paracellular Ca2+-transport are known to be involved in Ca2+ movement across

epithelia and can determine the net amount of Ca2+ entering or leaving the body

(Hoenderop et al. 2005; Khanal & Nemere, 2008b). Since Ca2+ is involved in many

biochemical and physiological functions, disturbances in its homeostasis have been

linked to many pathophysiological disorders, including bone abnormalities, renal

insufficiency, and malignancy-associated hypercalcemia (Suzuki et al., 2008b; 2008c).

Extensive studies have identified the ion transporters/binding proteins involved in this

process (Suzuki et al., 2008a; Hoenderop et al., 2002; 2003; 2005; Nijenhuis et al.,

2003b), however the molecular regulatory mechanisms in epithelial Ca2+-transport

has not been fully elucidated (Hoenderop et al., 2005). The identification of the

epithelial Ca2+ channel (i.e. ECaCl/TRPV5 and TRPV6) and the Ca2+-sensing

receptor (CaSR) therefore are new directions to the understanding of transepithelial

Ca2+ transport as well as extracellular Ca2+-homeostasis (Brown & MacLeod, 2001;

den Dekker et al., 2003; Nijenhuis et al., 2003a; Nilius et al., 2001; Suzuki et al.,

2008b; Trivedi et al., 2008; Vennekens et al., 2001). The Ca2+-sensing competence

CS
glands

anterior

Kidney
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of CaSR relies on the large extracellular domain (Brown & MacLeod, 2001; Loretz,

2008) which is now known to be the target for a variety of metabolic signals,

including divalent and multivalent cations, aromatic L-amino acids, polycations and

polyamines (Breitwieser et al., 2004; Brown & MacLeod, 2001; Conigrave &

Hampson, 2006; Hofer & Brown, 2003; Riccardi & Maldonado-Perez, 2005). The

sensitivity of CaSR can also be affected by local ionic strength and pH (Quinn et al.,

1998; 2004) where the activation of CaSR results in the stimulation of phospholipase

C (PLC) and Ca2+-mobilization (Hofer & Brown, 2003). Since CaSR is expressed

in a variety of tissues, including both endocrine glands (i.e. parathyroid cells) and

ion-transporting tissues (intestine and kidney), it can act as a metabolic

signal-integrator and is capable of producing cell-specific responses.

(II) Ca2+Homeostasis in Fish

According to the Ca2+-transport mechanism established in the mammalian model

(Khanal & Nemere, 2008c), it has recently been suggested that the epithelial calcium

channel (ECaCl) could also be involved in gill Ca2+ transport (Liao et al., 2007; Pan

et al., 2005; Shahsavarani et al., 2006; Shahsavarani & Perry, 2006). Upregulation

of ECaCl mRNA was detected in gills and skins of zebrafish embryos maintained in

water of low-Ca2+ content (Pan et al., 2005). Co-localization of ECaCl mRNAwith

some population of Na+/K+-ATPase-positive cells (presumably CCs) was observed in

the skins of zebrafish embryos (Pan et al., 2005). The data suggested that a

subpopulation of gill CCs was responsible for Ca2+-transport (Liao et al., 2007; Pan et

al., 2005). However an immunocytochemical analysis of trout gill sections showed

that the expression of ECaCl can be detected on both pavement (PVC) and CCs

(Shahsavarani et al., 2006; Shahsavarani & Perry, 2006). This indicated that the

observation in the co-localization of ECaCl staining with Na+/K+-ATPase-positive

cells may not be consistent across different fish species.

Recently CaSR has been identified or deduced in different fish species (Loretz, 2008).

Functional expression of tilapia CaSR demonstrated a dose-dependent activation of
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PLC in response to an elevation of extracellular calcium (Loretz et al., 2004). High

levels of CaSR expression were detected in ion-transporting tissues, like fish gill,

intestine and kidney (Loretz et al., 2009). It appears to play a “sensing” role in local

Ca2+-transport. Retrospectively the local direct effect of CaSR on transepithelial

Ca2+-transport is of particular interest as it is believed that the regulation is

independent of endocrine signaling. Effect of water salinity to the expression level

of fish CaSR was demonstrated, suggesting that ion strength can modulate CaSR

function as in the mammalian system (Loretz et al., 2004). Since ambient levels of

monovalent ions (i.e. Na+, Cl-) and divalent ions (i.e. Ca2+, Mg2+) generally co-vary in

waters of different salinities, the possible role of CaSR in osmosensing has also been

suggested (Loretz et al., 2004; Loretz, 2008; Loretz et al., 2009). In fish, the main

hormones regulated Ca2+ homeostasis are stanniocalcin (STC-1) (Lu et al., 1994;

Sundell et al., 1992; Tseng et al., 2009; Wagner et al., 1995), and calcitonin (Evans et

al., 2005; Khanal  Nemere, 2008). In the past two decades, most of the studies

were focused on the regulatory role of STC-1.

(i) Stanniocalcin-1 (STC-1)

The glycoprotein STC-1 was formerly named as hypocalcin or teleocalcin, in respect

to its hypocalcemic function in the regulation of Ca2+ homeostasis and the

identification of its origin of species. STC-1 is synthesized and secreted from the

unique endocrine gland Corpuscles of Stannius (CS), which are sac like bodies

located on surface of kidneys (Wagner et al., 1986; 1992). STC-1 was isolated and

sequenced from several fish species, such as Actinopterygii, Platichthys esus,

Scophthalmus maximus (Amemiya et al., 2006;Amemiya  Youson, 2004; Butkus et

al., 1987; Hang Balment, 2005; McCudden et al., 2001; Shin et al., 2006). It is a

50-kDa disulfide-linked homo-dimeric glycoprotein (Wagner et al., 1986; 1992).

The secretion of STC-1 is stimulated via CaSR by an increase of extracellular Ca2+

level (Radman et al., 2002). Recently, the studies in zebrafish show that CaSR

knockdown caused different time-dependent effects on stc-1 and pth1 expression, and

these two hormones have mutual effects (stimulated each other) on the expressions,
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thus forming a possible counterbalance (Lin et al., 2014). Upon release, STC-1

inhibits Ca2+ uptake in gills and intestines, but stimulates phosphate reabsorption in

kidneys (Lu et al., 1994; Sundell et al., 1992). Mechanistically STC-1 was found to

inhibit Ca2+ influx by suppressing the expression of ECaCl in gills/skins of zebrafish

(Tseng et al., 2009).

A human cDNA coding for a protein which was highly homologous to fish STC-1

was identified in 1995 (Chang et al., 1995). Its expression was found to be

positively regulated by extracellular Ca2+. It was thought that the human homolog

protein also had an anti-hypercalcemic function as in the fish models (Wagner et al.,

1995). Some follow-up experiments in mammalian models had demonstrated that

STC-1 exerted its function to reduce Ca2+ uptake across intestines and kidneys

(Madsen et al., 1998; Wagner et al., 1997). However current studies do not support

this “conserved function” of STC-1 in the regulation of Ca2+ homeostasis (Lai et al.,

2007; Law et al., 2011; Yeung et al., 2005; Yeung et al., 2012). The role of STC-1

in inflammatory responses has been suggested.

(ii) Calcitonin

In teleostean fish, divergent responses were observed in the relationship between

calcitonin (CT) and Ca2+. In eels, a high water or dietary Ca2+ level could increase

CT secretion (Sasayama et al., 2002; Suzuki et al., 1999). In salmon, CT was found

to inhibit gill Ca2+ uptake (Milhaud et al., 1977; 1980; Wagner et al.,1997) This

hypocalcemic action of CT in gills was also found in other fish species, Channa

punctatus (partially air breathing) and Cyprinus carpio (fully gill breathing)

(Mukherjee et al., 2004). In immature brown trout, Salmo trutta, administration of

CT produced hypercalcemia accompany with the increase in CT plasma levels and

higher environmental Ca2+ level resulted in a significant lowering of serum CT

(Oughterson et al., 1995). Recently, the functions of CT/calcitonin gene-related

peptide (CGRP) family was studied using a zebrafish embryo model (Lafont et al.,

2011). The embryos kept in a high-Ca2+ concentration medium showed
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up-regulation of CT and calcitonin receptor (CTR). The results suggested that CT

acts as a hypocalcemic factor in calcium regulation, probably through inhibition of

the epithelial calcium channel (ECaCl) synthesis (Lafont et al., 2011). In summary,

both STC-1 and CT regulate extracellular calcium homeostasis via modulations of the

the expression transepithelial Ca2+ transporters, including ECaCl.

(III) Ca2+Transporters

A general model of Ca2+ transport suggests that Ca2+ enters epithelial cells through an

apical epithelial calcium channel (ECaCl) and is extruded from the basolateral side to

the blood compartment through a plasma membrane Ca2+-ATPase (PMCA) and a

sodium calcium exchanger (NCX) (Hoenderop et al., 2005).

(i) ECaCl

ECaCl belongs to the superfamily of transient receptor potential (TRP) channels and

represents a new family of Ca2+ channels. In mammals, two members of TRP

channels (TRPV5 and TRPV6) have been cloned from rabbit kidneys and intestines,

respectively (Hoenderop et al., 1999; Montell et al., 2002; Peng et al., 1999). The

two channels are the prime target for hormonal control of Ca2 + influx from renal

tuvules or intestinal lumen to blood compartment (Hoenderop et al., 2002). In fishes,

ECaCl was identified in rainbow trout (Oncorhynchus mykiss) and was found to show

high similarity in nucleotide and amino acid sequences to the mammalian TRPV5 and

TRPV6. It was then reported to be localized in both gill CCs and PVC of trout

(Shahsavarani et al., 2006).

Fish absorb Ca2+ through ECaCl, which acts a gatekeeper of transepithelial Ca2+

transport. The results of gill transcriptome analysis in the euryhaline teleost green

spotted puffer fish, Tetraodon nigroviridis, exposed to lower Ca2+ level up-regulated

the mRNA expression of ecacl, in order to increase transepithelial Ca2+ transport then

restore plasma Ca2+ homeostasis. The results in high Ca2+ water were counteracting

with down-regulation of ecacl mRNA expression (Pinto et al., 2010). The plasma
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calcium and ecacl response to changing water calcium were also observed in other

fish species e.g developing zebrafish and rainbow trout (Oncorhynchus mykiss) (Pan

et al., 2005; Shahsavarani  Perry, 2006). Additionally, the expression of ecacl in

zebrafish could be suppressed by CaSR via up- and down-regulating the

synthesis/function of STC-1 and PTH1, respectively (Lin et al., 2014).

(ii) PMCAand NCX

The plasma membrane Ca2+ pump (PMCA) is a Ca2+-Mg2+-ATPase that hydrolyze

ATP to support Ca2+ export to maintain a low cytosolic Ca2+ concentration. PMCA

is a protein with 10 transmembrane domains, 5 putative extracellular domains (PEDs)

and 3 major cytosolic domains. The cytosolic domains are assigned to as the

functional sites, such as Ca2+-binding, activation by calmodulin, binding of ATP,

acylphosphate formation and hydrolysis (Carafoli, 1992; Pande et al., 2005). Four

genes encode PMCA isoforms namely PMCA1, 2, 3 and 4 in human (Carafoli, 1992;

Grover  Khan, 1992). PMCA1 and PMCA4 are widely expressed in all tissues

and known as housekeeping isoforms for the maintenance of cellular Ca2+

homeostasis. The expression pattern of PMCA2 and PMCA3 is tissue specific

(Grover  Khan, 1992; Hoenderop et al., 2005; Pande et al., 2005). Main function

of NCX is extruded Ca2+ from cell to prevent overloading of intracellular stores

(Bindels et al., 1992; Van Baal et al., 1996). To date, three genes for NCX,

designated NCX1, NCX2, and NCX3, have been cloned from mammals. NCX1 is

widely distributed in many different tissues, whereas NCX2 and NCX3 are only

expressed in brains and skeletal muscles (Li et al., 1994; Nicoll et al., 1996). Some

studies demonstrated that the increase Ca2+ uptake in fish gill/skin is mediated by an

upregulation of ECaCl but not the expression levels of PMCA or NCX (Hwang 

Lee, 2007; Liao et al., 2007; Pan et al., 2005). Moreover, neither of the membrane

density or the affinity of PMCA and NCX in gill cells was changed after transfer of

stannioectomized eels from fresh water to sea water (van der Heijden et al., 1999).
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(IV) Calcium Sensing Receptor (CaSR)Mediated Signaling Pathways

Calcium sensing receptor (CaSR) is a recognized member of G-protein coupled

receptors (GPCRs) Class III or Family C, which has three typical structural domains

of GPCRs: a large, 612 amino acid residues, extracellular amino (N)-terminal domain;

a 7 transmembrane domain (TMD) of 250 amino acid residues; and a

216-amino-acid-containing intracellular carboxy (C)-terminus domain (structure

showed in Fig. 1.6) (Brennan  Conigrave, 2009; Loretz, 2008; Smajilovic et al.,

2011). Both of the extracellular amino (N)-terminal domain and TMD participate in

Ca2+ sensing (Brauner-Osborne et al., 1999; Hammerland et al., 1999; Hauache et al.,

2000; Loretz, 2008).

Fig. 1.6 Structure of the extracellular CaSR. (Modified from Loretz, 2008) G
protein-coupled CaSR composed by a large ligand-binding extracellular domain
(ECD), as well as seven transmembrane (7TM) domain and the intracellular
domain (ICD). ECD includes the bilobed Venus flytrap (VFT) and the
nine-cysteines domain of family 3 G protein-coupled receptor (NCD3G) modules.
Dimerization occurs via both covalent (disulfide) and non-covalent bonds between
ECDs of two receptor monomers. The NCD3G module couples the VFT module
to the heptahelical transmembrane (7TM) module. The carboxyterminal tail of
ICD contains interaction sites for anchorage to scaffold proteins and for
transductional coupling to multiple signaling pathways.
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Being a significant component of seawater, Ca2+ may trigger gill CaSR which acts as

salinity sensors in both teleost and elasmobranch fish (Nearing et al., 2002). In the

context of systemic calcium homeostasis, CaSR plays different roles in different

tissues. The expression of CaSR in endocrine tissues serves a role to regulation the

secretion of calciotropic and other hormones (e.g. pituitary gland and corpuscles of

Stannius). While the expression in ion-transporting tissues (e.g. kidney, intestine,

gills, and elasmobranch rectal gland) may serves a direct role in the regulation of

monovalent and divalent ion transport. In fishes, specially, CaSR expressed on the

body surface (e.g. gills and olfactory tissues) may permit direct sensing of

environmental Ca2+ concentrations, especially in the marine environment. Recently,

the studies in zebrafish showed that CaSR mediated Ca2+ homeostasis by modulating

expression of stc-1 and pth1 differently, thereby suppressing ecacl expression and

Ca2+ uptake (Lin et al., 2014). The cDNA for CaSR gene has been cloned from the

marine teleost sea bream (Sparus aurata), and the transcripts were expressed in hind

guts, chloride cells of gills, operculum, gall bladder, pituitary gland, and coronet cells

of saccus vasculosus (Flanagan et al., 2002). However, CaSR mediated signaling

pathways in fish have been studied.

In other animal cells, extracellular Ca2+ and some other agonists bind to CaSR and

activate a series of signaling pathways, including phospholipase C

(PLC)-phosphoinositide (InsP; inositol trisphosphate, IP3); mitogen-activated protein

kinase (MAPK); phospholipase A2 (PLA2)-arachidonic acid (AA); and inhibition of

the adenylyl cyclase-cyclic AMP (Brennan Conigrave, 2009; Brown  MacLeod,

2001; Loretz, 2008; Kifor et al., 2001; Hofer Brown, 2003; Smajilovic et al., 2011;

Ward, 2004) (Fig. 1.7).
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Fig.1.7 Signalling pathways activated by calcium-sensing receptor (CaSR)
(Modified from Smajilovic et al., 2011).
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5. Objectives

When eels migrate between freshwater (FW) to seawater (SW) environments, salinity

and Ca2+ are the two major external parameters that impose significant impacts to fish

acclimation. Considerable numbers of studies have revealed the empirical

mechanism in the regulation of body osmolarity; however the mechanisms through

Ca2+ uptake, transport and regulation in Japanese eels have not been fully elucidated.

Although fish gill is on the major transport epithelia for water Ca2+ uptake, very little

is known about the in situ regulation of Ca2+-sensing, and Ca2+-transport mechanisms

in fish gills. In the context of Ca2+ homeostasis, stanniocalcin-1(STC-1) from

Corpuscles of Stannius (CS) glands is known to reduce serum Ca2+ levels via an

inhibition of Ca2+ uptake across gills. However, a major knowledge gap exist in our

understanding on how STC-1 inhibits gill Ca2+ transport. In addition other

physiological factors in related to the regulation of systemic blood pressure have not

been identified yet.

In this study, the main objectives are:

(i) to study the effects of water Calcium concentrations on branchial expression levels

of epithelial Ca2+ channel (ECaCl) and plasma membrane Ca2+-ATPase (PMCA) ;

(ii) to verify the in situ Ca2+-sensing function of branchial Ca2+-sensing receptor

(CaSR) and underlying mechanism of maintaining local Ca2+ homeostasis;

(iii) to reveal the STC-1 binding, signaling and action in gill tissues;

(iv) to identify active principles in CS glands using RNAsequencing technique..
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Chapter 2

Molecular Responses of Gill Cells of Japanese eels to Changes

in Ambient Ca2+ Levels

Abstract
In this study, we aimed to measure molecular responses in gill cells of fish
acclimating to waters of different Ca2+ levels. Fish were transferred to an artificial
freshwater (AFW, with about 0.2mM Ca2+), high Ca2+ AFW (H-AFW, with 2mM
Ca2+) and Ca2+-deficient AFW (D-AFW) for 1 and 7 days. On the first day of the
transfer, the osmolarity and ions content in blood sera were increased or decreased in
fish transferred to H-AFW or D-AFW respectively. On day 7 of the transfer, the
serum parameters returned back to normal. In addition to blood samples, gills and
CS glands were collected and mRNA expression levels of Ca2+ transporters (i.e.
epithelial calcium channel (ecacl), plasma membrane Ca2+-ATPase (pmca)) and
STC-1 were determined. Our results indicated that at the early phase (on day 1) of
acclimation to H-AFW, the expression levels of ecacl and pmca were upregulated in
gill cells, possibly to increase Ca2+ uptake. This resulted in the increase of serum
Ca2+ concentration to stimulate the release of STC-1 from CS glands, leading to the
decrease in the expression levels of the ecacl in gill cells and a reduction of serum
Ca2+ levels on day 7. Interestingly, stc-1 was found to be upregulated in CCs. On
the contrary in the D-AFW, the expression levels of ecacl were decreased in gill cells
at the early phase of the acclimation. The levels of stc-1 in CS glands were
remained low during the acclimation.
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2.1 Introduction

Calcium is an essential element for all animals. It is important for bone structure,

and it serves a variety of intracellular and extracellular roles (Hoenderop et al., 2005).

Unlike mammals, Ca2+ is acquired principally through diets; fish absorb a significant

portion of their body Ca2+ directly from water. Fish absorbs Ca2+ from water via gill

epithelia, although some tissues may also be involved, such as, the skin and intestine

(Hoenderop et al., 2005; Loretz, 2008; Tseng et al., 2009).

A general model of epithelial Ca2+ transport denotes that Ca2+ enters epithelial cells

through an apical epithelial calcium channel (ECaCl) and is then extruded from the

basolateral side to blood circulation through plasma membrane Ca2+-ATPase (PMCA)

and sodium calcium exchanger (NCX) (Hoenderop et al., 2005). Some studies in

zebrash indicated that specific isoforms of Ca2+ transporters (i.e. zECaCl, zPMCA2,

and zNCX1b), were responsible for Ca2+ uptake via gill/skin ionocytes (Liao et al.,

2007; Pan et al., 2005). Among the three transporters, ECaCl was reported to be the

most important one. It can act as a gatekeeper to control Ca2+ absorption. zECaCl

is known to play a key role in Ca2+ absorption in both gills and skin of developing

zebrafish. Intriguingly the expression levels of ecacl were found to be regulated by

water Ca2+ contents. An upregulation of ecacl expression to increase whole body

Ca2+ influx was reported in zebrafish embryos maintained in low-Ca2+ (0.02 mM)

freshwater (FW) (Pan et al., 2005). Other study of analyzing gene expressions in

gills of zebrafish adapted in high- or low-Ca2+-FW showed that zecacl was the only

gene regulated in response to environmental Ca2+ levels, while zpmcas and zncxs

remained no change (Liao et al., 2007). Moreover the expression and activity of

ECaCl was found to be inhibited by the hypocalcemic hormone STC-1. STC-1 was

found to reduce Ca2+ influx by suppressing the expression of ecacl, but neither

affected ncx1b or pmca2 in gills of zebrafish (Tseng et al., 2009).

The purpose of the present study was to measure the mRNA expression levels of

Ca2+ transporters (e.g ecacl, pmca), and stc-1 from the gill cells of fish acclimated in

water of different Ca2+ levels. Japanese eels (Anguilla japonica) adapted in an
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artificial freshwater (AFW, with about 0.2mM Ca2+) for 1 week were then transferred

to high Ca2+AFW (H-AFW, with 2mM Ca2+) and Ca2+-deficient AFW (D-AFW) for

1 and 7 days. Gill tissues were collected and the expression levels of Ca2+

transporters and stc-1were measured.
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2.2Materials andMethods

Animals and Gill Cells Isolation. Japanese eels (Anguilla japonica) weighing

between 500-600g, were reared in fiberglass tanks supplied with charcoal-filtering

aerated tap-water at 18-20 oC under a 12L:12D photoperiod for at least 2 week. The

fish (n=12) were then transferred to artificial fresh water (AFW, pH 7, with about

0.2mM Ca2+, all the other ions concentrations were the same as those in local tap

water) (Table 2.1) and were then kept for 1 week. The tank water was changed daily

with freshly preparedAFW. The fish were then equally divided into three groups, (i)

group A (AFW), (ii) group B (high Ca2+AFW, H-AFW) and group C (Ca2+-deficient

AFW, D-AFW). The actual water ion contents were measured using a flame atomic

absorption spectrophotometer (SpectrAA-220FS; Table 2.1). The pH values of all

AFW media were approximately 7. On days 1 and 7 of the acclimation, fish from

each group (n=2) were sampled and anesthetized in 0.1% MS-222 (Sigma). Blood

samples were collected directly from the aorta using 18G syringe. Gill tissues were

perfused with phosphate buffer saline (PBS) (pH 7.7), excised and washed. Small

portion of gill scrapping was collected for RNA isolation while the remaining were

cut into small fragments for tryptic digestion (0.5% trypsin and 5 mM EDTA) for

20min at room temperature in an orbital shaker (250 rpm) (Thermo Scientific). The

gill filaments were then scrapped with a glass slide. The scraped tissues were

transferred to a conical flask containing collagenase (1g/L, 2.5105 U/L)(Sigma) and

hyaluronidase (1.6g/L, 1.6  106 U/L) (Sigma) in 50 mL PBS (pH 7.7), and was

shaken at 150rpm for 30mins at room temperature. Gill pavement cells (PVCs) and

chloride cells (CCs) were isolated using a three-step discontinuous Percoll gradient

centrifugation as described previously (Wong and Chan, 1999a; Tse et al., 2006).

The purity and identity of CCs were confirmed by mitochondrial staining (Wong and

Chan, 1999). The isolated gill PVCs and CCs were dissolved in TRI Reagent (MRC)

for total RNAextraction.

Serum Osmolarity and Ion Measurements. Serum osmolarity was measured using

a vapor pressure osmometer (Wescor, 5500XR, Logan, UT). Plasma Na+, K+, Mg2+
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and Ca2+ concentrations were determined using ame atomic absorption

spectrophotometry (SpectrAA-220FS). Chloride ion concentration was measured

using a QuantiChromTMChlorideAssay Kit (DICL-250).

Table 2.1. (a) Concentrations of ions measured in various water samples.

Molarity (mM)

Medium Na+ Cl- K+ Mg2+ Ca2+

(a)

AFW

0.4370.03 0.2870.05 0.0350.04 0.0510.03

0.2750.05

High Ca2+AFW 2.0120.07

Ca2+-deficient AFW 0.0000.01

(b) Hong Kong drinking water (Source: Water Department)

Tap water 0.435 0.282 0.033 0.049 0.274

Note: AFW: artificial freshwater

RNA Isolation, Cloning and DNA Sequencing. RNA with an A260/A280 ratio of

1.8–2.0 was used in this study. Briefly, 0.5μg of total cellular RNA was reversed

transcribed by the high capacity RNA-to-cDNAkit (Applied Biosystems, Foster City,

CA, USA). Degenerative primers were designed base on alignment of multiple

mRNA sequences reported in other species by the multiple alignment program for

amino acid or nucleotide sequences provided by Kazutaka Katoh

(http://mafft.cbrc.jp/alignment/server/). Target sequence was amplified using

degenerative primers. Forty cycles of PCR were conducted with 3 stages, i.e. (i)

strands separation, 95°C for 20sec, (ii) primers annealing, 54°C for 30sec, and (iii)

strand extension, 72°C for 30sec.

PCR products were resolved by electrophoresis in a 1% agarose gel and target bands

were cut, gel purified (QIAEX II agarose gel extraction kit, Qiagen, Crawley, West

Sussex, UK), and cloned into pCR®II TOPO® (Invitrogen). DNA sequencing was

outsourced by the vendor TechDragon (Hong Kong). The sequence homology was
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verified by the nucleotide database and BLAST program provided by the National

Center for Biotechnology Information fromUSA.

Real-time PCR Analysis. Verified gene-specific primers for Japanese eels were

used for real-time PCR analysis (Nucleotide sequences of these primers are listed in

table 2.2). PCR reactions were conducted with the StepOne™ real-time PCR system

using power SYBR® green PCR master mix (Applied Biosystems). The level of

expressed mRNAwas normalized to gapdh using the ∆Ct method as described in the

manufacturer’s protocol.

Table 2.2 Gene specific primers for real-time PCR

Immunohistochemistry (IHC) Staining. Paraformaldehyde-fixed paraffin gill

sections were de-waxed, rehydrated in graded ethanol, and rinsed in phosphate buffer

saline (PBS). Antigen retrieval was performed by an incubation of slides in citric

acid (pH 6.0) for 215 min. The staining procedure involved pretreatment of tissue

sections with 3% normal goat serum (Sigma) in PBS with 1% Tween 20 (PBST) to

reduce nonspecific antibody binding. A 1 hour incubation at room temperature with

an antiserum, mouse anti-Na+/K+-ATPase-subunits (Na 5, Developmental Studies

Hybridoma Bank, the University of Iowa) (1:10), followed by a 1 hour incubation

with Alexa Fluor 488 goat anti-mouse IgG (1:200). Cell nucleus was stained by the

DAPI mounting medium (Vector Labotorary) for several minutes. The slides were

washed 3 x 15 min in PBS with 0.1% Tween 20 after each antiserum application.

Gene Forward Primer Sequence Reverse Primer Sequence

ecacl 5’-GCAGCCCAATAAAACCATCGC-3’ 5’-CCACCACATTGCCCTCCTG-3’

pmca 5’-AACGACTGGAGCAAGGAGAA-3’ 5’-CGGATGACGGTGAACTTCTG-3’

stc-1 5’-CTCAGAGGTTCAGGAGGAGT-3’ 5’-GGTGCTGTAGTACCTGTTGG-3’

gapdh 5’-GCGCCAGCCAGAACATCATC-3’ 5’-GTTAAGCTCGGGGATGACC-3’
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For a negative control, an application of non-immune rabbit serum (Sigma) was

conducted. The slides were examined by the Floid cell imaging station (Life

Science). For the determination of CC density, positively stained cells were counted

per fixed length (500m) of a filament. The density was expressed as the number of

cells per mm of gill filament.

Statistical Analysis. Drugs treatments were performed in triplicate in each

experiment and every experiment was repeated for at least three times. All data are

represented as the mean ± SEM. Statistical significance was assessed with Student’s

t-test or one-way analysis of variance (ANOVA) followed by Duncan’s multiple

range tests. Groups were considered significant difference if P < 0.05.
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2.3 Results

2.3.1 Cloning and Expression of Eel Ecacl and Pmca. Degenerative primers for

ecacl were designed by the alignment of mRNA sequences of ecacl from pufferfish

(Takifugu rubripes) (NCBI accession number NM_001032766.1) and rainbow trout

(Oncorhynchus mykiss) (NM_001124455.1). Base on those conserved regions, the

degenerative primers were designed (Fig.2.1 A). The selected region of eel ecacl

gene was 547bp in length (Fig.2.1 B). Based on the sequences of the cloned ecacl

cDNA, real-time PCR primers were designed.

Degenerative primers for pmca were designed by an alignment of all six isoforms of

the mRNA sequences of zpmcas from zebrafish (Danio rerio) zpmca1a (NCBI

accession number NM_001044757), zpmca1b (NM_001135631.1), zpmca2

(NM_001123238.1), zpmca3a (NM_001002472.2), zpmca3b (NM_001128242.1)

and zpmca4 (NM_001077467.1). Base on the conserved regions, the degenerative

primers were deduced (Fig.2.1 C). The selected region of eel pmca gene was 405bp

in length (Fig.2.1 D). Based on the sequences of the cloned pmca cDNA, real-time

PCR primers were designed.
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Base on those conserved regions of ecacl, degenerative primers were deduced as
follow:
F: 5'-TSRTCDWYGARCCCATGACWTCTTGA-3'
R: 5'-SWKGARTCKATCTCKGTSAGGTCATA-3'

A
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Base on the detected eel ecacl cDNA sequence, a pair of Real-time PCR primer
was designed as follow:
F: 5'-GCAGCCCAATAAAACCATCGC-3'
R: 5'-CCACCACATTGCCCTCCTTG-3'

B
5'-TGATCGTCGAGCCCATGACATCTGACCTGT
ACCAGGGAATGACTGCTCTTCACATAGCTGT
GGTGAACCAGAACGTAAACCTGGTCCATGA
GTTGATCATCAGAGGGGGCGATGTTGCCACG
CCCAGGGTCACGGGACTGTACTTCCGGAAA
AGGAGAGGCGGGCTGTTGTATTACGGTGAGC
ACATCCTGTCCTTCGCCAGCTGTATGGGGAAT
GAGGAGATCGTCTCCATGGTGATTGATGCCG
GAGCAAATATCAGGGCGCAGGACTATCTTGG
GAACACTGTCCTGCACATCCTGGTTCTGCAG
CCCAATAAAACCATCGCGTGTCAGACGCTGG
ACCTGCTCCTGGCCAGGGATGCAGAGATGGA
CCTGGCCGTGCCACTCGACATGCTGCCCAAC
TACCGCGGGCTCACCACCTTCAAACTGGCAG
CCAAGGAGGGCAATGTGGTGGTGTTCCAGC
ACTTGGTGAACCGTCGGCGGATAGTGCAGTG
GAGTTTGGGGCCTCTAACGTCCAGCCTGTAT
GACCTGACCGAGATAGACTCCTC-3'
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Base on those conserved regions of pmcas, degenerative primers were deduced as
follow:
F: 5'-GACGTGACSCTCATCATCCTGGA-3'
R: 5'-GCTYTCATCRATCTTSAGRTCATTGCC-3'

C



- 30 -

Base on the detected eel pmca cDNA sequence, a pair of real-time PCR primer
was designed as follow:
F: 5'-AACGACTGGAGCAAGGAGAA-3'
R: 5'-CGGATGACGGTGAACTTCTG-3'

D
5'-GACGTGACGCTCATCATCCTGGAAGTGGC
TGCCATCATCTCCCTGGGGCTTTCCTTTTACC
ACCCACCAGGGGGCGACAGCCAGATGTGTG
GTCAGGCTTCGGCCGGCGCGGAGGACGAG
GGCGAGGCCCAGGCCGGCTGGATCGAGGGC
GCCGCCATCCTCTTCTCCGTGATCATCGTGG
TGCTAGATGACGGCCTTCAACGACTGGAGC
AAGGAGAAGCAGTTCCGCGGGCTGCAGAG
CCGCATCGAGCAGGAGCAGAAGTTCACCGT
CATCCGCAAGGGCCAGGTCATCCAGATCCC
CGTGGCCGAGATCGTGGTGGGGGACATCGC
CCAGATCAAATACGGTGACCTGCTGCCCACC
GATGGCATCCTGATCCAGGGCAATGATCTGA
AGATCGATGAGAGC-3'
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Base on the detected eel stc-1 cDNA sequence, a pair of real-time PCR primer
was designed as follow:
F: 5'-CTCAGAGGTTCAGGAGGAGT-3'
R: 5'-GGTGCTGTAGTACCTGTTGG-3'

Fig. 2.1 Alignments and cloning of DNA sequences of ecacl (A-B), pmca
(C-D) and stc-1 (E).

E
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2.3.2 Change of Serum Osmolarity, and Ions Concentrations in the Fish

Acclimated in H-AFW and D-AFW. A slight but significant increase (about 10%)

in serum osmolarity was found in fish transferred from AFW to H-AFW for the first

day (Fig. 2.2 A). The increase of serum osmolarity was accompanied with increases

of plasma Na+ (about 20%), K+ (about 200%) and Ca2+ levels (about 70%) (Fig. 2.2

B). However, the increase of the serum osmolarity and ion concentration returned

back to the level as in the AFW after seven days of the transfer (Fig. 2.2 C, D). A

decrease in serum osmolarity was found in fish transferred to D-AFW for the first day

(Fig. 2.2 A). The decrease was accompanied with a reduction of plasma Na+ (about

10%) (Fig. 2.2 B). However, the osmolarity returned back to the level as in the

AFW after 7 days of the transfer (Fig. 2.2 C, D)
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Fig. 2.2 Serum osmolarity and ions concentrations in the fish adapted in
different AFW. Serum osmolarity in the fish adapted in different AFW for 1 (A)
or 7 day(s) (C); Ions concentrations of plasma in the fish adapted in different Ca2+

level AFW for 1 (B) or 7 day(s) (D). (* P<0.05).
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2.3.3 Gene Expressions of Ca2+ Transporters (ecacl, pmca) and stc-1 in Gill

Scrapings, Gill PVCs and CCs in the Fish Acclimated in H-AFW and D-AFW.

On the first day of transfer to H-AFW, the mRNA expression levels of ecacl in the

whole gill preparation, isolated gill PVCs or CCs were significantly increased (Fig.

2.3 A). In fish transferred to D-AFW, the levels of ecacl in the gill samples were

decreased (Fig. 2.3 A). On the seventh day of the transfer, fish acclimated in

H-AFW showed significant reduction in the expression levels of ecacl in the gill

samples. Intriguingly in fish acclimated in D-AFW, the levels of ecacl in isolated

PVCs were significantly increased, although no significant differences in the gill

scrapings and isolated CCs were observed (Fig. 2.3A).

For pmca, the mRNA expression level was increased in the CCs of fish acclimated

in H-AFW for the first day of the transfer (Fig. 2.3A). The levels were, however

decreased in the CCs of fish acclimated in D-AFW (Fig. 2.3A). No significant

differences in the expression levels of pmca in gills, gill PVCs were observed in the

fish acclimated in H-AFW and D-AFW. On day 7 of the transfer experiments,

mRNA expression levels of pmca in gills, gill PVCs and CCs of fish transfer to

H-AFWand D-AFWwere similar to theAFW (Fig. 2.3A).

A significant increase in the transcript level of stc-1 was detected in gill CCs in the

fish transferred to H-AFW for the first and seventh days (Fig. 2.3B). No observable

differences in the expression level of stc-1 were detected in other gill cells for the fish

acclimated in H-AFW and D-AFW (Fig. 2.3B).
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(A) Ca2+ transporters mRNA in Gill scraping /PVCs /CCs

(B) stc-1 mRNA in Gill scraping /PVCs /CCs

Fig. 2.3 Expressions of Ca2+ transporters and stc-1 mRNA in gill scraping, gill
PVCs, gill CCs of Japanese eels adapted in different Ca2+ levelAFW. (*P<0.05).
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2.3.4 Gene Expressions of Ca2+-Related Proteins in CS Glands in the Fish

Acclimated in H-AFW and D-AFW. On the first day of the transfer, no observable

changes in the expression levels of the Ca2+ transporters, ecacl and pmca were

detected in the CS glands of fish acclimated in AFW of different Ca2+ concentrations.

On day 7 of the transfer in H-AFW, the mRNA expression levels of ecacl, pmca and

stc-1 in CS glands were increased. For fish acclimated in D-AFW, the mRNA level

of stc-1 was decreased in the CS glands (Fig. 2.4).
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(C) Ca2+ transporters and stc-1 mRNA in CS glands

Fig. 2.4 Expressions of Ca2+ transporters and stc-1 mRNA in CS glands of
Japanese eels adapted in different Ca2+ levelAFW. (*P<0.05).
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2.3.5 Cell Density of CCs in Gills. The results of IHC showed that the cell density

of CCs in gills was changed in response to Ca2+ level in water. On day 1 of the

transfer, the CC density was decreased in the fish transferred to D-AFW, but was

increased in the fish acclimated in H-AFW (Fig. 2.4). However, on day 7 of the

acclimation, the cell density of CCs in H-AFW group was less than AFW, while it

was significant higher in the D-AFWgroup (Fig. 2.4).
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Fig. 2.5 IHC staining of CCs by Na 5 antibody. The gill sections of fish
acclimated to different AFW for 1 day (a-c) or 7 days (d-f) were stained by Na5
antibody (Green colour) and NAPI (Blue colour) (*P<0.05). Scale bar  50m.
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2.4 Discussion

2.4.1 In the Acclimation at H-AFW or D-AFW, the Changes of Serum

Osmolarity and Ion Concentrations were Accompanied with Modulations in

mRNAExpression Levels of ecacl in Gill Cells.

A significant increase (about 10%) in serum osmolarity was found in fish transferred

to H-AFW (2mM Ca2+) on the first day of the transfer. This observation implies that

the acclimated fish might increase ion uptake actively or passively in response to the

increase of ambient Ca2+ level. Our data showed that the level of Ca2+was increased

by 70% in the plasma, which accompanied by the increase of plasma Na+ and K+

contents (about 20%, 200% respectively). The change of serum osmolarity was due

to the increase of plasma ion contents. The changes in plasma Ca2+, Na+ and K+

concentrations were possibly due to interacting ion transport activities of ECaCl,

Na+/Ca2+ exchanger (NCX), Na+/K+-ATPase and PMCA, leading to the

disturbance of the ion homeostasis.

To test whether these changes associated with Ca2+ transporters (ecacl and pmca)

and stc-1, we measured their transcript levels in gill scrapings, PVCs and CCs. Our

results showed that on the first day H-AFW transfer, ecacl mRNA expression was

increased in gill cells. On day 7 of the transfer to H-AFW, the serum osmolarity and

plasma ion content returned to the normal level as the fish acclimated at AFW. To

test whether this observation was associated with the regulation of Ca2+ transporters

(ecacl, pmca) and stc-1, we measured their transcript levels in gill scrapings, PVCs

and CCs. Our results showed that ecacl mRNA expression was reduced in the gill

cells. The expression of stc-1 was significantly increased in CCs. The observation

on the changes in the expression levels of ecacl and stc-1 implied an inhibition of gill

Ca2+ uptake. This notion was supported by a previous study, demonstrating a

negative effect of zstc-1 on ecacl gene expression in zebrafish embryo to reduce Ca2+

uptake (Tseng et al., 2009).

In D-AFW, a significant reduction in serum osmolarity was detected. Although

there was no significant reduction in serum ion contents detected, there was a

reduction in serum Na+ level as compared to that is the AFW and H-AFW. The



- 41 -

mRNA level of ecacl was reduced in gill cells at the early phase of acclimation. A

significant increase of ecacl mRNA expression was observed at the latter phase.

The increase was probably a compensatory mechanism to increase gill Ca2+ uptake in

fish adapted in water with very low Ca2+ content.

2.4.2 Changes in stc-1 Expression in CS Glands of FishAcclimated in H-AFW or

D-AFW.

CS is a unique endocrine gland that synthesizes and releases STC-1 in response to

hypercalcemia (Wagner et al., 1992; 1994). The secretion and expression of STC-1

in CS glands is tightly regulated by levels of extracellular Ca2+ (Radman et al., 2002;

Wagner et al., 1991; 1994; 1998). In the H-AFW, the expression levels of stc-1

mRNA in CS glands were significantly increased as compared to the fish adapted in

AFW. While in the D-AFW, the expression levels of stc-1 were significantly lower.

Our observation undoubtedly supported the results from previous studies on the

hypocalcemic action of STC-1 (Radman et al., 2002; Wagner et al., 1991; 1994;

1998).

In summary, the changes in the expression levels of ecacl were associated with the

variations of blood Ca2+ contents of the fish. The feed-forward stimulation at the

early phase and the negative feedback inhibition at the latter stage of acclimation

illustrated a functional circuit in the regulation of epithelial Ca2+ uptake and

extracellular Ca2+ homeostasis.
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Chapter 3

Activation of Gill Ca2+-Sensing Receptor as a Protective Pathway

to Reduce Ca2+-Induced Cytotoxicity

Abstract
Expression of the Ca2+-sensing receptor (CaSR) in the endocrine gland known as the
Corpuscle of Stannius (CS) regulates secretion of the hypocalcemic hormone
stanniocalcin-1 (STC-1) to inhibit gill Ca2+ uptake. Although numerous studies have
reported the branchial expression of CaSR and STC-1, the functions of these proteins
in gills have not been elucidated yet. On the basis of recent findings regarding the
autocrine/paracrine functions of STC-1 in mammalian models, we hypothesized that
branchial CaSR plays an in situ “sensing” function to regulate STC-1 that maintain
local Ca2+ homeostasis. In this study, we investigated CaSR-mediated signaling and
its regulation of STC-1 and cyclooxygenase-2 (COX-2) expression/function using a
primary gill-cell culture model. The biochemical responses of gill cells isolated
from Japanese eels to an increasing concentration of extracellular Ca2+ (0.1–1 mM)
was tested. This stimulation led to a transient increase in phosphatidylcholine-
phospholipase C (PC-PLC) activity, followed by activation of extracellular
signal-regulated kinase (ERK) and inositol 1,4,5-trisphosphate (IP3)-
Ca2+/calmodulin-dependent protein kinase II (CaMK-II) signaling pathways.
Co-treatment with the calcimimetic R467, caused synergistic effects on
Ca2+-stimulated PC-PLC activity, ERK signaling, and CaMK-II signaling. The
activation of the CaSR-PLC-ERK pathway was associated with increased expression
levels of STC-1 and COX-2 as confirmed by the inhibition of ERK using a chemical
inhibitor, PD98059. Functionally, Ca2+/R-467 pre-treatment was found to protect
cells from thapsigargin-induced cell death. Inhibition of COX-2 activity using
NS398 abolished this protection, while transduction of STC-1 lentiviral particles in
the gill cells increased the protective effects. Collectively, our data revealed the
expression of functional CaSR in gill tissues. The identification of the
CaSR-STC-1/COX-2 mediated protective pathway in gill cells sheds light on a
possible cellular protective mechanism against an increase in intracellular Ca2+ levels
associated with transepithelial Ca2+ transport.
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3.1 Introduction

Calcium ions have a variety of beneficial roles in living organisms. Their function is

pleiotropic, ranging from the regulation of signaling cascades in a single cell to a

wide variety of physiological functions at the organ level. Failure to maintain Ca2+

homeostasis affects a variety of molecular and cellular processes, ultimately leading

to a variety of pathological consequences. In mammals, Ca2+ homeostasis is

maintained by the coordinated calcium (re)absorption that occurs in small intestines,

kidneys, and bones, and is under precise hormonal control (Suzuki et al., 2008a;

Khanal & Nemere, 2008). Disturbances in Ca2+ homeostasis have been linked to

bone abnormalities, renal insufficiency, and malignancy-associated hypercalcemia

(Suzuki et al., 2008a; b). The identification of Ca2+-sensing receptor (CaSR), a

G-protein coupled receptor that senses extracellular Ca2+ levels, has facilitated better

understanding of hormonal regulation of Ca2+ homeostasis (Ruat et al., 1995). In

fish, CaSR has been identified in different species and is known to be expressed in

both endocrine and non-endocrine tissues (Loretz, 2008; Nearing et al., 2002). In

endocrine tissues, the well-recognized function of CaSR involves the regulation of the

secretion of calciotropic hormones, such as parathyroid hormone (PTH) from

parathyroid glands in mammals (Chen & Goodman, 2004) and stanniocalcin-1

(STC-1) from the Corpuscle of Stannius (CS) in teleosts (Greenwood et al., 2009).

In non-endocrine tissues, such as gill epithelia, the function of CaSR was found to

associate with ion (Ca2+, Mg2+, and Na+) sensing (Nearing et al., 2002). However,

downstream responses following CaSR-activation have not yet been elucidated.

Fish gill is a multifunctional organ that is involved in gaseous exchange, acid-base

balance, and ion-osmoregulation. It has also developed an efficient mechanism to

cope with Ca2+ uptake from waters with different calcium content (0.01–10 mM). In

response to an increase of blood Ca2+ level, the CaSR-mediated STC-1 release from

CS glands inhibits gill Ca2+ uptake to restore the homeostasis (Greenwood et al., 2009;

Lin et al., 2014). Intriguingly, a re-examination of stc-1 gene expression in fish

tissues revealed the presence of stc-1 transcript in gills of trout (McCudden et al.,
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2001). Moreover, the expression of stc-1 in gills of Japanese flounder was found to

be stimulated by water salinity and Ca2+ (Shin & Sohn, 2008). These observations

prompted us to investigate the local function of the CaSR-STC-1 pathway in gill

tissues. We hypothesized that branchial CaSR plays an in situ Ca2+-sensing function

to maintain local Ca2+ homeostasis via the induction of STC-1 expression in cells.

In this study, we have provided compelling evidence to show the presence of

functional CaSR in fish gills, in which phosphatidylcholine- phospholipase C

(PLC)-extracellular signal-regulated kinase (ERK) and PLC-inositol 1,4,5-

trisphosphate (IP3)-Ca2+/calmodulin-dependent protein kinase II (CaMK-II) signaling

were activated by Ca2+ or calcimimetic co-treatment. The PLC-ERK signaling

pathway was found to be associated with the induction of STC-1 and

cyclooxygenase-2 (COX-2) expression. A cytotoxicity assay was conducted to

demonstrate the protective effects of CaSR-mediated COX-2 and STC-1 induction

against thapsigargin (TG) induced cell death.
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3.2Materials andMethods

Animals and Gill Cell Isolation. Japanese eels (Anguilla japonica) weighing

500–600 g were reared in fiberglass tanks supplied with charcoal-filtered, aerated tap

water for at least 2 weeks. The fish were anesthetized with 0.1% MS-222 (Sigma).

Gills were perfused with phosphate buffered saline (PBS, pH 7.7) and gill arches

were excised, washed, and cut into small fragments for enzymatic digestion (Tse et al.,

2006; Wong & Chan, 1999). After cell dissociation, the resuspended gill cells were

layered on a two-step Percoll gradient solution (1.03 and 1.09 g/mL in PBS) and

centrifuged at 2,000 g at 15°C for 20 min. The isolated gill cells at the interface of

1.03–1.09 g/mL were collected and washed with PBS followed with Ca2+- and

Mg2+-free Hank’s balanced salt solution (HBSS, Gibco).

Phosphatidylcholine-phospholipase C (PC-PLC) Assay and Western Blotting.

Isolated gill cells in Ca2+- and Mg2+-free HBSS medium were treated with (i) 0, 0.1,

0.5, or 1 mM Ca2+; (ii) 1  M of the calcimimetics R467 or S467 (NPS

Pharmaceuticals); or (iii) 1 M of R467 or S467 + 0.1 mMCa2+ for 5–30 min at 22°C.

For some experiments, the cells were pretreated for 5 min with IP3 inhibitor (40 M

2-APB, Calbiochem). The cells were lysed in radioimmunoprecipitation assay

(RIPA) buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP40) at 5, 15, or 30 min

post-treatment. After centrifugation at 13,000 × g for 15 min at 4°C, the supernatant

was collected and the total protein concentration was determined by the Bradford

method (Bio-Rad, USA). The protein lysates (15  g/sample) were analyzed for

PC-PLC activity using an Amplex  Red PC-PLC assay kit according to the

manufacturer’s instruction (Molecular Probes). Reactions were incubated in dark at

37°C for 1 h. Fluorescence was measured with the microplate reader (VICTOR™

X4 Multilabel Plate Reader, PerkinElmer Life Sciences) with excitation at 530 nm

and emission at 590 nm. Protein lysates containing 20 40  g of total cellular

protein in RIPA buffer were subjected to electrophoresis on 10% polyacrylamide gels.

The gels were then blotted onto PVDF membranes (PerkinElmer Life Sciences).

Western blotting was conducted using mouse antibody against CaSR (Thermo Fisher
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Scientific), rabbit antibody against ERK, p-ERK1/2, p-CaMK-II, COX-2 (Cell

Signaling), or STC-1 (Origene) followed by incubation with (1:4000) horseradish

peroxidase-conjugated goat anti-mouse/rabbit antibody (Bio-Rad). Specific bands

were visualized using a chemiluminescent reagent (Western-lightening Plus,

PerkinElmer Life Sciences). The blots were then washed in PBS with 0.5%

Tween-20 and re-probed with mouse anti-actin serum (1:100; JLA20, Developmental

Studies Hybridoma Bank, the University of Iowa, USA).

Gene Expression Assay. Isolated gill cells in Ca2+- and Mg2+-free HBSS medium

were treated with (i) 0, 0.1, and 0.5 mM Ca2+; (ii) 1 M of R467 or S467; or (iii) 1

M of R467 or S467 + 0.1 mM Ca2+ for 24 h at 22°C. For some experiments, the

cells were pre-treated for 5 min with an IP3 inhibitor (40 M 2-APB, Calbiochem),

ERK inhibitor (10 µM PD98059, Calbiochem), or intracellular Ca2+ chelator (10 µM

BAPTA, Calbiochem). Total RNA was extracted from gill tissues using a TRI

reagent (Molecular Research Centre). Those with an A260/A280 ratio of 1.8–2.0 were

used in this study. For cDNA synthesis, 0.5 μg of total cellular RNA was reversed

transcribed using high capacity RNA-to-cDNA kit (Applied Biosystems, Foster City,

CA, USA). Real-time PCR reactions were conducted using the StepOne™ real-time

PCR system using power SYBR® green PCR master mix (Applied Biosystems).

Verified gene-specific primers (gapdh-F: GCGCCAGCCAGAACATCATC, gapdh-R:

CGTTAAGCTCGGGGATGACC; stc-1-F: CTCAGAGGTTCAGGAGGAGT,

stc-1-R: GGTGCTGTAGTACCTGTTGG; cox2-F: TAGCCCACCAACCTAC

AATG, cox2-R: TGAGCAAAAAAGGCAAACAC; ecacl-F: GCAGCCCAATAAA

ACCATCGC, ecacl-R: CCACCACATTGCCCTCCTG) specific to transcripts of

Japanese eels were used. The copy number of transcripts for each sample was

calculated with reference to parallel amplification of known concentrations of the

respective cloned PCR fragments. The occurrence of primer-dimers and secondary

products was inspected using melting curve analysis. Our data indicated that

amplification was specific for each individual set of primers. Control amplification
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was done either without reverse transcriptase or without RNA. The relative

expression ratio of (stc-1, cox-2 or ecacl):gapdh was calculated according to the

method described by Pfaffl (Pfaffl 2001). The expression ratio = Estc-1CPstc-1

(control–treatment)/EgapdhCPgapdh (control–treatment), where E = 10(–1/slope) and CP is the crossing

point at which fluorescence rises above background.

Cytotoxicity Assay. Isolated gill cells in Ca2+- and Mg2+-free HBSS medium were

pre-treated with (i) 0–0.1 mM Ca2+, (ii) 1 M of R467, (iii) 1 M of R467 + 0.1 mM

Ca2+, (iv) COX-2 inhibitor (2 MNS-398, Cayman), or (v) 2 MNS-398 + 1 M of

R467 + 0.1 mM Ca2+ for 24 h at 22°C. The cells were then treated with thapsigargin

(TG) (2 M, Calbiochem) for 4 h. The culture medium was collected to measure

the activity of lactate dehydrogenase (LDH) using the LDH Cytotoxicity Assay Kit

(Cayman) according to the manufacturer’s instructions. The absorbance at 490 nm

was detected using a microplate reader (Bio Tek, ELX800).

STC-1 Expression Constructs and Lentiviral Transduction in Primary Gill Cell

Culture. To prepare the pLenti6.3/TO/V5-DEST-STC-1 plasmid, eel cDNA

encoding wild-type full-length STC-1 transcript without the stop codon was amplified

by PCR and cloned into pENTRTM/SD/D-TOPO (Invitrogen) according to the

manufacturer’s instructions. The STC-1 insert was transferred from

pENTRTM/SD/D-TOPO into the expression vector pLenti6.3/TO/V5/-DEST

(Invitrogen) using the Gateway® LR ClonaseTM II Plus Enzyme Mix (Invitrogen).

The sequence of the STC-1 insert was verified by DNA sequencing.

A primary gill cell culture was prepared as described (Chow & Wong, 2011; Tse et

al., 2008). After enzymatic digestion of gill tissues, the cell suspension was washed

and resuspended in Leibovitz’s L-15 medium (Gibco, Invitrogen) supplemented with

10% fetal bovine serum (FBS, HyClone), 1% penicillin/streptomycin, and 0.5%

fungizone (Gibco, Invitrogen). Cells were seeded at a density of 2 × 106 cells/cm2

onto a collagen-coated culture plate (Iwaki). The culture was incubated at 22°C in a
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growth chamber with humidified air. For lentiviral transduction, lentivirus was first

prepared by co-transfection of HEK293FT cells with ViraPowerTM packaging mix

(Invitrogen) and either pLenti6.3/TO/V5-DEST-STC-1 (pLenti-STC-1) or

pLenti6.3/TO/V5/-DEST using Lipofectamine 2000. Viral supernatants were

harvested at 48 h after transfection. The viral supernatant was filtered through a

0.45 m filter to eliminate cellular debris followed by precipitation in a 1:4 solution

of PEG-it Virus precipitation solution and 4°C overnight incubation. After

centrifugation (1,500 × g for 30 min), the precipitated lentiviral particles were

resuspended in Leibovitz’s L-15 medium. The primary gill cells were transduced

with 2 mL of a) pLenti-Ctrl or b) pLenti-STC-1 virus containing medium with 6

µg/mL of polybrene® (Sigma). After 24 h incubation at 22°C, the cells were washed

and replaced using the fresh Leibovitz’s L-15 medium. The cells were then treated

with 2 M TG for 4 h. The culture medium was collected to measure the activity of

LDH. The overexpression of STC-1-V5 in gill cells was verified by western

blotting using V5 antibody. Total RNA was collected for real-time PCR assay of

stc-1 and ecacl transcripts.

Statistical Analysis. Drug treatments were performed in triplicate and each

experiment was repeated at least three times. All data are represented as mean ±

SEM. Statistical significance was assessed using Student’s t-test or one-way

analysis of variance (ANOVA) followed by Duncan’s multiple range tests. Groups

were considered significantly different if P < 0.05.
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3.3 Results

3.3.1 Detection of Gill CaSR and the Effects of Ca2+ and/or Calcimimetic

Treatment on the Activation of PC-PLC-ERK Signaling Pathway in Isolated Gill

Cells. The presence of CaSR in gill cells was revealed by western blotting (Fig.

3.1A). The treatment of gill cells with Ca2+ (0.1–1 mM) stimulated PC-PLC activity

in a dose-dependent manner (Fig. 3.1B). The stimulation was rapid but transient.

The stimulated activity returned to control levels within 30 min. Western blot

analysis of PC-PLC downstream signaling revealed the activation of the ERK

pathway in a dose- and time-dependent manner (Fig. 3.1C).

The treatment of cells with calcimimetics (i.e., R467 or S467) alone for 5 min

showed no noticeable stimulatory effects on PC-PLC activity compared to the effects

of treatment with 0.1 or 0.5 mM Ca2+ (Fig. 3.2A). However, co-treatment of R467

with 0.1 mM Ca2+ caused synergistic effects on Ca2+-stimulated PC-PLC activity.

Similarly, the synergistic effect of Ca2+/R467 co-treatment was observed in the

activation of ERK pathway (Fig. 3.2B). The synergistic effect was not detected with

S467/Ca2+ co-treatment.
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Fig. 3.1 Detection of gill CaSR and effects of Ca2+ on PL-PLC-ERK signaling
pathway. (A) A representative western blot shows that a CaSR monoclonal
antibody recognized a single band (~95 kDa) in gill cells. (B) The relative activity
of PC-PLC in gill cells post-exposed to Ca2+ for the indicated durations. (C) A
representative western blot illustrates the levels of p-ERK1/2 and ERK1/2 in cells
post-exposed to Ca2+ for the indicated durations. The band intensities were
measured and quantified. Bars with the same letter are not significantly different
according to the results of one-way ANOVA followed by Duncan’s multiple test
(p < 0.05).
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Fig. 3.2 Effects of Ca2+ and calcimimetics on the PL-PLC-ERK signaling
pathway. Isolated gill cells in Ca2+- and Mg2+-free HBSS medium were incubated
with Ca2+ (0.1 or 0.5 mM), R467, and/or S467 (1M) for 5 min. (A) The activity
of PC-PLC in gill cells post-exposed to Ca2+, R467 (R), and/or S467 (S) for 5 min.
(B) A representative western blot illustrates the levels of p-ERK1/2 and ERK1/2
in cells post-exposed to Ca2+, R467, and/or S467 for 5 min. A synergistic effect of
Ca2+/R467 co-treatment was observed in the activation of ERK1/2 pathway. The
band intensities were measured and quantified. Bars with the same letter are not
significantly different according to the results of one-way ANOVA followed by
Duncan’s multiple test (p < 0.05).
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3.3.2 Effects of Ca2+ and/or Calcimimetic Treatment on the Activation of CaMK-II

in Isolated Gill Cells. Treatment of cells with Ca2+ (0.1–1 mM) for 5 min stimulated

phosphorylation of CaMK-II in a dose-dependent manner (Fig. 3.3A). No

significant effects were observed with calcimimetic (i.e. R467 or S467) treatment

compared to the effects of 0.1 or 0.5 mM Ca2+ (Fig. 3.3B). Cotreatment with 0.1

mM Ca2+ and either R467 or S467 caused synergistic effects on Ca2+-stimulated

CaMK-II phosphorylation. The effect of R467 was significantly greater than that of

S467 in the co-treatment. The Ca2+ or Ca2+/calcimimetics induced phosphorylation

of CaMK-II was blocked by the addition the IP3 inhibitor 2-APB (Fig. 3.3C).
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Fig. 3.3 Effects of Ca2+ and/or calcimimetics on the CaMK-II signaling pathway.
Isolated gill cells in Ca2+- and Mg2+-free HBSS medium were incubated with Ca2+

(0.1–1 mM), R467, S467 (1 M), and/or IP3 inhibitor (40 M 2-APB) for 5 min. The
representative western blots illustrate the levels of p-CaMK-II in cells post-exposed to
(A) Ca2+ for the indicated durations; (B) Ca2+, R467 (R), and/or S467 (S); (C) Ca2+,
R467 (R), S467 (S), and/or 2-APB. The band intensities were measured and
quantified. Bars with the same letter are not significantly different according to the
results of one-wayANOVAfollowed by Duncan’s multiple test (p < 0.05).
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3.3.3 Effects of Ca2+ and/or Calcimimetic Treatment on stc-1 and cox-2 mRNA and

Protein Expression in Isolated Gill Cells. Treatment of gill cells with Ca2+ (0.1 or

0.5 mM) resulted in greater cell viability (Supplement Fig. 3.1) and significant

increases in the mRNA (Fig. 3.4A) and protein (Fig. 3.4B) expression levels of

STC-1 and COX-2. Calcimimetic treatment had no significant effects on the

expression levels of these genes. Co-treatment with 0.1 mM Ca2+ and either R467

or S467 caused synergistic stimulation of stc-1 and cox-2 mRNA expression. The

effect of R467 was greater than that of S467 in the context of co-treatment. The

stimulatory effects of Ca2+ or Ca2+/calcimimetics on STC-1 and COX-2 expression

were abolished by co-treatment with the ERK inhibitor PD98059. In addition, we

tested the effects of an IP3 inhibitor (2-APB) and an intracellular Ca2+ chelator

(BAPTA) on Ca2+ and/or calcimimetic-induced mRNA expression of stc-1 and cox-2

in gill cells. However, no significant effects were observed (data not shown).
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Fig. 3.4 Effects of Ca2+ and/or calcimimetics on the expression levels of STC-1
and COX-2. Isolated gill cells in Ca2+- and Mg2+-free HBSS medium were incubated
with Ca2+ (0.1 or 0.5 mM), R467, S467 (1 M), and/or ERK inhibitor (10µM
PD98059, PD) for 24 h. The (A) mRNA and (B) protein expression levels of STC-1
and COX-2 are shown. Bars with the same letter are not significantly different
according to the results of one-way ANOVA followed by Duncan’s multiple test (p <
0.05).
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3.3.4 Effects of CaSR Activation, stc-1 Overexpression, and cox-2 Inhibition

(NS-398) on Thapsigargin-induced Cell Death. Thapsigargin treatment is

commonly used to examine the cytotoxic effects of increased intracellular free Ca2+

levels. Pre-treatment of gill cells with Ca2+ and R467 significantly reduced

TG-induced cytotoxic effects (Fig. 3.5). Treatment with the COX-2 inhibitor NS398

increased basal LDH activity and abolished the protective effects. The cell viability

of gill cells incubated in Ca2+- and Mg2+-free HBSS medium for 24 h was lesser than

the cells maintained in Ca2+-containing medium.

Transduction with pLenti-STC-1 reduced TG-induced cytotoxicity and ecacl

mRNA expression levels (Fig. 3.6A-B). The expression of high levels of STC-1

was confirmed in pLenti-STC-1 transduced cells, using the antibody against V5

epitope (Fig. 3.6C).
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Fig. 3.5 Effect of Ca2+ and/or R467 on thapsigargin (TG)-induced cellular
cytotoxicity. Isolated gill cells in Ca2+- and Mg2+-free HBSS medium were incubated
with Ca2+ (0.1 mM) R467 (1 M), ERK inhibitor, and/or COX2 inhibitor (2 M
NS-398) for 24 h followed by 2 M TG treatment for 4 h. Bars with the same letter
are not significantly different according to the results of one-way ANOVA followed
by Duncan’s multiple test (p < 0.05).
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Fig. 3.6 Effects of stc-1 overexpression on thapsigargin-induced cell death and
ecacl mRNA expression. Primary gill cells were transduced with pLenti-Ctrl or
pLenti-STC-1 virus containing medium and were treated with 2 M TG for 4 h. (A)
The culture medium was collected for the measurement of LDH activities. (B) The
cells were lysed for total RNAextraction for real-time PCR analysis. The transduction
of cells with pLenti-STC-1 reduced TG-induced cytotoxicity and the mRNA
expression levels of ecacl. (C) The overexpression of STC-1-V5 in gill cells was
verified by real-time PCR (the left panel) and western blotting using anti-V5 antibody
(the right panel). Bars with the same letter are not significantly different according to
the results of one-wayANOVAfollowed by Duncan multiple test (p < 0.05).
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Fig. 3.7 A schematic to illustrate the activation of CaSR-mediated signaling
pathway, stimulation of STC-1 and COX-2 expression, and the possible downstream
effects on the reduction of intracellular free Ca2+ levels.
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Supplement Fig. 3.1 An LDH assay for viability of cells cultured in Ca2+- and
Mg2+-free medium for 24 h. An incubation of gill cells in the presence of Ca2+

resulted in significantly greater cell viability (*p<0.05).
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3.4 Discussion

The expression and function of CaSR has been known for nearly 20 years. Most

studies on CaSR have focused on mammalian models to identify its role in the

regulation of calciotropic hormones and maintenance of extracellular Ca2+

homeostasis. Altered CaSR expression has been shown to be associated with many

pathological conditions, including bone abnormalities, renal insufficiency, and

malignancy-associated hypercalcemia (Suzuki et al., 2008a; 2008b). The cloning

and characterization of CaSR expression was reported in 2002 by Nearing and

co-workers using piscine models (Nearing et al., 2002). The expression of CaSR in

renal proximal tubules, gill cells, pituitary gland, and olfactory lobe were reported in

tilapia and Japanese eels (Loretz et al., 2009). Surprisingly, little is known about the

functional roles of CaSR in fish gills, which are the major organs involved in Ca2+

uptake from aquatic environments. In the present study, our western blot data

support the present of CaSR expression in gill tissues of Japanese eels. The

molecular size of the eel CaSR protein is similar to the expected molecular mass of

non-glycosylated CaSR core protein in tilapia (Loretz et al., 2004). Moreover the

treatment of isolated gill cells with Ca2+ or Ca2+/calcimimetics activated the

conserved CaSR-mediated pathways to increase PLC activity and ERK- and

IP3/CaMK-II-signaling. The R-enantiomer used in this study, R467, is classified as

a type II calcimimetic and functions as a positive allosteric modulator of CaSR to

amplify receptor sensitivity to Ca2+ (Harrington & Fotsch, 2007). The S-enantiomer

S467 is known to be less active (Nemeth et al., 2004). Since R467 is not a CaSR

agonist, it had no significant effect on the activation of PLC/ERK pathway.

Nevertheless, the stimulation of CaSR with Ca2+ and/or calcimimetics increased the

expression levels of STC-1 and COX-2 in gill cells. Experimental studies

demonstrated that CaSR-induced STC-1 and COX-2 expression protected cells from

Ca2+-induced cytotoxicity upon TG treatment. The present study supports the notion

that branchial expression of functional CaSR facilitates the in situ regulation of

cellular Ca2+ homeostasis.
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The Ca2+-sensing capability of CaSR relies on its large extracellular domain (Brown

& MacLeod 2001; Loretz, 2008), which is known to be the target of a variety of

metabolic signaling molecules, including divalent and multivalent cations, aromatic

L-amino acids, polycations, and polyamines (Breitwieser et al., 2004; Brown &

MacLeod, 2001; Conigrave & Hampson, 2006; Hofer & Brown, 2003; Riccardi &

Maldonado-Perez, 2005). In mammalian models, sensitivity of CaSR to Ca2+ was

affected by local ionic strength and pH (Quinn et al., 1998; 2004), where the

activation of CaSR results in the stimulation of phospholipase C (PLC) and Ca2+

mobilization (Hofer & Brown, 2003). A number of studies have reported the

expression of CaSR in ion-transporting tissues (i.e., gill, kidney, and intestine) in

shark (Nearing et al., 2002), tilapia (Loretz et al., 2004), and flounder (Greenwood et

al., 2009). Although the expression of CaSR was found to be associated with ion

(Ca2+, Mg2+ and Na+) sensing (Nearing et al., 2002), downstream responses following

CaSR-activation were not known. This prompted us to study the role of CaSR in

gill tissues. In this study, we provided evidence that the treatment of cells with Ca2+

or Ca2+/calcimimetics activated PLC-ERK and IP3-CaMKII pathways. The data on

PLC-ERK activation are consistent with reports on ectopic expression of tilapia or

human CaSR in embryonic kidney cells (Davies et al., 2006; Loretz et al., 2004) or in

bovine parathyroid cells, respectively (Kifor et al., 2001). Although the activation of

CaSR-induced PLC-IP3 signaling in fish tissues has not been reported previously, a

recent study using isolated mouse juxtaglomerular cells described this post-receptor

IP3 pathway (Ortiz-Capisano et al., 2013). Accordingly, stimulation of

CaSR-activated PLC resulted in an increase in IP3 and cytosolic Ca2+ levels. Since

CaMK-II is a well-known target of cytosolic free Ca2+ (Famulski et al., 2003;

Francescatto et al., 2010), the activation of CaSR-mediated PLC-IP3 signaling

stimulates CaMK-II through phosphorylation. Our data verified that this conserved

pathway was activated in the gill-cell model. Taken together, the data collected in

this study illustrated the evolutionary conservation of Ca2+ sensing-mediated

signaling pathways in fish gills. Little was previously known about downstream

targets of CaSR in gill cells.
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Activation of the CaSR pathway is known to regulate the release of calciotropic

hormones in mammals (i.e. PTH, calcitonin) and fish (i.e. STC-1). These hormones

act on their target tissues to regulate transepithelial Ca2+ transport (Brown 2013;

Greenwood et al., 2009; Lin et al., 2014; Radman et al., 2002). In fish, the

endocrine function of STC-1 from the CS gland is known to reduce serum Ca2+ levels

via an inhibition of Ca2+ uptake across gills (Yeung et al., 2012). Since fish gill is

not an endocrine tissue, the identification of branchial expression of STC-1 prompted

us to further investigate their roles in local Ca2+ transport and homeostasis

(McCudden et al., 2001). In this study, the activation of CaSR was found to be

associated with increased expression levels of COX-2 and STC-1. This stimulation

was found to be mediated by PLC-ERK signaling but not by the PLC-IP3 pathway.

To elucidate the functional significance of this signaling, we adopted a

thapsigargin-induced cell death model, wherein the treatment is known to increase

intracellular free Ca2+ level and cause cell apoptosis (Carlberg et al., 1996; Zeiger et

al., 2011). Our results indicated that Ca2+ and/or calcimimetic treatment in gill cells

significantly reduced TG-induced cell death. The protective effects were abolished

by the addition of the COX-2 inhibitor NS-398. The overexpression of

lentivirus-driven STC-1 protected the cells from TG-induced cytotoxicity and

reduced the expression levels of epithelial Ca2+ channel (ecacl), a gatekeeper of Ca2+

uptake that plays an active role in apical entry of transcellular Ca2+. This

observation was in agreement with a STC-1-morpholino study in zebrafish indicating

a negative regulatory role of STC-1 on gene expression of ecacl (Tseng et al., 2009).

These observations were consistent with mammalian studies in illustrating the roles

of COX-2 (Choudhary et al., 2003; Johnson et al., 2002; Ogata et al., 2006) and

STC-1 (Yeung et al., 2012) in the regulation of intracellular Ca2+ homeostasis and

apoptosis. Therefore, STC-1 and COX-2 may play important roles in cytosolic Ca2+

homeostasis in fish-gill tissues.

Life has evolved from aquatic environments. The study described here provides a

fundamental understanding on the importance of in situ Ca2+-sensing in the



- 66 -

non-endocrine tissue, fish gill epithelia. The results of this study may provide a new

perspective to reveal the functions of CaSR in the mammalian system. In summary,

the results of the present study demonstrated that branchial CaSR mediated

extracellular Ca2+ and/or calcimimetic activation of PLC-ERK and PLC-IP3-CaMK-II

signaling pathways (Fig. 3.7). Moreover, the activation of the CaSR-PLC-ERK

signaling axis was responsible for the stimulation of STC-1 and COX-2 gene

expression, which protected gill cells from Ca2+-mediated cell injury and cell death.

The identification of this CaSR-STC-1/COX-2-mediated protective pathway in the

Ca2+ transport epithelium of gill tissue sheds light on a possible cellular protective

mechanism associated with transcellular Ca2+ transport.
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Chapter 4

Characterization of STC-1-Binding, Signaling and Function

in Gill Cells

Abstract

Stanniocalcin-1 (STC-1) is a hypocalcemic hormone, known to play an important role
in calcium metabolism in teleost fish. Its synthesis and release is stimulated by an
increase of blood Ca2+ level. The biological action of STC1 is known to inhibit gill
Ca2+-transport (GCAT). However our understanding on how STC-1 inhibits GCAT
is not known. In this study, we characterized STC-binding, signaling and action on
gill tissues. Treatment of gill cells with CS extracts or recombinant STC-1 proteins
(STC-1-V5 and STC-1-AP) led to an increase of cytosolic cAMP levels. In
immunohistochemical (IHC) staining, the binding of STC-1 on both lamellar and
inter-lamellar regions of paraffin-embedded gill sections were demonstrated. The
binding sites were significantly increased in gill sections prepared from fish adapted
in high-Ca2+ FW than that in FW. Receptor binding assay illustrated specific
binding of STC-1 to plasma membrane and mitochondria preparations of gill tissues.
The binding activity was consistently greater in the subcellular preparations obtained
from high-Ca2+ FW. Using isolated pavement cells (PVCs) and mitochondria-rich
cells (MRCs) in the cAMP assay, our data indicated that both cell types responded to
STC-1. To illustrate the biological action of STC-1, we conducted Ca2+-imaging
experiment to demonstrate the action of STC-1 on thapsigargin (TG)-induced
elevation of cytosolic Ca2+. Our data showed clearly that STC-1 exerted its
hypocalcemic action to lower intracellular Ca2+ levels, which was mediated by cAMP.
Intriguingly, the use of an inhibitor NS-398 to COX-2 which is known to stimulate
the activity of sarcoplasmic and endoplasmic reticulum (SERCA) Ca2+-ATPase, was
able to block the action of STC-1. A follow up experiment of incubating gill cells
with STC-1 demonstrated a downregulation of ECACL and upregulation of COX-2
expression. The former is known to be a gate keeper for Ca2+ entry while the latter
mediates an activation of SERCA Ca2+-ATPase. Taken together, this is the first
study to provide evidences of STC-1 binding, signaling and to decipher its
mechanistic action on fish gills.
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4.1 Introduction
Fish gill is a multifunctional transport epithelium that simultaneously participates in

an assortment of ion and molecule transport activity, including respiratory gases,

universal osmolytes, nitrogenous wastes and water (Evans et al., 2005). To

coordinate the pleiotropic activity of gills with the homeostatic regulation of ion and

osmotic balance, a number of key hormones (growth hormone, cortisol, prolactin,

natriuretic peptides, and stanniocalcin-1 (STC-1)) have been identified as essential for

euryhalinity and osmotic adaptability. In the past decades, a considerable number of

studies has focused on the investigation of how the change in plasma hormone levels

and the expression of different ion transporters/channels in gill cells correlated with

fish ion-osmoregulation (Evans, 2002; Evans et al., 2005; Perry, 1997; Tse et al.,

2006; Wong & Chan, 1999a; 1999b). These studies provide unequivocal evidence

that strengthens our understanding of fish ion-osmoregulation, however the

post-receptor signaling pathways and the underlying mechanisms of the effects on gill

cells are mostly not known.

Among different ion-regulatory hormones, STC-1 a glycoprotein hormone is

known to play an important role in plasma Ca2+-homeostasis in fish. A rise in serum

Ca2+ level is known to stimulate an increase of STC-1 release from the endocrine

gland, Corpuscle of Stannius (CS). STC-1 is known to act on gills and guts to

reduce Ca2+ uptake but stimulate renal Pi reabsorption. The biological action of

STC-1 to inhibit gill Ca2+-transport (GCAT) has been widely used as a standard

bioassay to test the hypocalcemic potency of CS extracts or recombinant STC-1

proteins (Olsen et al., 1996; Wagner et al., 1986; 1993). Although this is the most

recognized action of STC-1, major gaps still exist in our understanding on how

STC-1 inhibits gill Ca2+ transport. The verification of STC-1 target cells is also

hampered by the lack of information on STC-1 receptor. Even though STC-1

receptor has not been cloned yet, indirect evidence suggested that STC-1 receptor

belongs to the family of G-protein coupled receptor. Using isolated flounder

proximal tubules, Renfro and colleagues showed that STC-1 treatment can stimulate
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PKA-dependent pathway by an elevation of cellular cAMP level (Lu et al., 1994).

This observation provided a hint for the study of STC-1-mediated signaling cascade

and downstream targets in Ca2+-transporting tissues. Since the secretion of STC-1

from CS glands and so the GCAT is regulated by blood Ca2+-levels, in this study we

hypothesized that there is change in response to STC-1 binding and signaling

pathway in gill tissues of fish adapted in waters of different Ca2+ contents. To

address this question, the effects of CS extracts prepared from Japanese eels

acclimated in low and high Ca2+ freshwater (FW) conditions, on branchial cAMP

levels were measured. STC-1 receptor binding were determined in paraffin sections

and subcellular fractions of gill tissues. The role of STC-1 in the maintenance

cytosolic Ca2+ level was investigated using pharmacological approach. Taken

together, our results revealed that branchial STC-1 binding sites were significantly

greater in plasma membrane and were increased in fish acclimated in high-Ca2+ FW.

The binding induced cAMP signaling and reduced intracellular free Ca2+ levels via

modulations in the expression levels of epithelial calcium channel (ecacl) and

cyclooxygenase-2 (cox-2).
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4.2Materials andMethods

Animals, Gill Cells and CS Glands Isolation. Japanese eels (Anguilla japonica)

weighing between 500-600g, were reared in fiberglass tank supplied with

charcoal-filtering aerated tap-water at 18-20oC under a 12L:12D photoperiod for

acclimation before experiments. The fish were then divided into two groups (1)

fresh water (FW, local tap-water, 0.2mM Ca2+) and high Ca2+ FW (local tap water

with added CaSO4, 2mM Ca2+). After 14 days, the fish were sampled and

anesthetized in tap water containing 0.1% MS-222 (Sigma). Gills were perfused

with phosphate buffered saline (PBS, pH 7.7) and gill arches were excised, washed,

and cut into small fragments for enzymatic digestion. After cell dissociation,

resuspended gill cells were layered on a two-step Percoll gradient system (1.03 and

1.09g/mL in PBS) and centrifuged at 2,000g at 15oC for 20mins. The isolated gill

cells at the interface of 1.03/1.09 g/mL were collected and washed by PBS, followed

by Hank’s balanced salts solution (HBSS, Gibco). CS glands of the fish were

dissected and collected for subsequent experiments.

Expression Constructs For Eel’s STC-1 Fusion Proteins. STC-1-V5 and

STC-1-alkaline phosphatase (AP) fusion proteins were generated by cloning of

PCR-amplified in-frame coding region of eel STC-1 into pENTRTM/SD/D-TOPO

(Invitrogen) and pAPtag-5 vector (Genhunter) according to the manufacturer’s

instructions respectively (Supplement Fig. 4.1). The sequences of the STC-1 inserts

were verified by DNA sequencing. The STC-1-V5 expression vector or STC-1-AP

expression vector were transfected into a human embryonic kidney cell line (293FT)

using Lipofectamine™ 2000 reagent (Invitrogen). The vectors without insert (V5

alone or AP alone) were also transfected into 293FT cells as negative controls.

Conditioned media were collected and were concentrated by 20-fold using Vivaspin

20 concentrators (GE Healthcare Life Science). The expression levels of

STC-1-fusion proteins were checked by western blotting, using rabbit antibodies

against STC-1 (Origene), mouse antibody against V5 (Invitrogen), His (GE

Healthcare Life Science) followed by an incubation with (1:4000) horseradish
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peroxidase-conjugated goat anti-rabbit/mouse antibody.

Measurement of cAMP Levels. Isolated gill cells were incubated with CS extracts

collected from fish adapted either in FW and high Ca2+ FW or the concentrated

STC-1-V5 in HBSS for 45mins. To verify if effects were from endogenous STC-1

in CS extracts, the experiment was repeated with a pre-incubation with goat

anti-STC-1 neutralization antibody. An isotype-matched control antibody, goat IgG

was used as the control. Levels of cAMP were measured using a Lance™ cAMP

384 kit, according to the manufacturer instruction (PerkinElmer). Fluorescent signal

was measured with a fluorescent microplate reader, VICTOR™ X4 Multilabel Plate

Reader (Perkin Elmer Life Sciences) using excitation at 340nm and emission at 615

and 665nm.

In Situ Ligand Binding Assays. To localize STC-1 binding sites at the histological

level, in situ ligand binding was performed. Paraformaldehyde-fixed gill tissues

were de-waxed, rehydrated in graded ethanol, and rinsed in PBST. The staining

procedure involved pretreatment of tissue sections with 3% normal goat serum in

PBST to reduce nonspecific antibody binding. An overnight incubation at 4oC with

the concentrated conditioned media (i) V5 alone (1L), (ii) STC-1-V5 (1L), (iii)

STC-1-V5 (1L) plus STC-1-AP (5L) (competitive binding) complemented with

PBST to 20L/section. The slides were incubated with mouse anti-V5 (1:100),

followed by 1 hour incubation at room temperature with Alexa Fluor 488 goat

anti-mouse IgG (1:200). The slides were washed 3 x 15 min in PBST after each

antiserum application. Nucleus was stained with DAPI mounting medium (Vector

Labotorary). The slides were examined by the Floid cell imaging station (Life

Science).

STC-1 Receptor Binding Assay. A STC-1 receptor binding assay was conducted

using nuclear, mitochondrial, and plasma membrane fractions of isolated gill cells.

The method of cell fractionation was performed as described (Graham and Higgins,
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1993). Briefly, gill cells were Dounce-homogenized in 1mL of 0.1 M Tris-HCl, pH

7.6, containing 0.25 M sucrose and 5mM EDTA. The homogenate was then

centrifuged twice at 1,000g for 15 min, once at 15,000g for 30 min, and finally at

100,000g for 90 min, thereby isolating crude nuclear, mitochondrial, and plasma

membrane fractions, respectively. The isolated subcellular fractions were then

resuspended in 50mM HEPES, pH7.6 and were quantified for protein concentrations,

and stored at 80oC.

For binding assays, 2.5 g (in 10 L) aliquots of each subcellular fraction were

incubated in conditioned media containing (i) AP alone (10  L), (ii) STC-1-AP

(10  L), (iii) STC-1-AP (10  L) plus STC-1-V5 (50  L) (competitive binding)

complemented with HBSS containing 0.1% bovine serum albumin, pH 7.5 to

200L/treatment in an orbital shaker (20rpm, 3-D/fixed 20° ) for 2 hours at room

temperature. To separate bound and free STC-AP/V5 ligands, samples were

centrifuged for 3 min at 10,000g to pellet the protein followed by two 1-ml washes in

ice-cold HBHA. Washed pellets were then solubilized in 15L of 1% Triton X-100

in 10mMTris-HCl, pH 8.0, for detection ofAP activity.

AP Activity Assay. The AP activity assay was measured using a Phospha-Light™

System Chemiluminescent Reporter Gene Assay System for detection of placental

alkaline Phosphatase activity, according to the manufacturer instruction (ABI).

Briefly, samples mixed with a dilution buffer (1:1) was heated at 65°C for 30mins,

and then cooled to room temperature. Twenty-five L of the sample mix was then

incubated with 25  L assay buffer, followed by 25  L reaction buffer at room

temperature. Luminescence was measured with VICTOR™ X4 Multilabel Plate

Reader (Perkin Elmer Life Sciences).

Ratiometric Digital Imaging of [Ca2+]i. Gill cells were seeded on collagen-coated

(50  g/mL, Cultrex) round (25 mm) glass coverslips with a density of 2  105

cells/coverslip, and were cultured in phenol-red free HBSS medium supplemented
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with 10% fetal bovine serum at 22°C in a humidified chamber. The cells were then

incubated with 1M fura-2/AM in the HBSS medium for 2 hours at 22°C. After

dye loading, the cells were washed twice with the medium. The coverslips were

then secured in a small chamber containing 500 L of the medium. The cells were

imaged using an inverted microscope (Nikon) equipped with a CCD camera

(CoolSnap HQ). Cell images were captured with excitation wave-lengths of 340

and 380 nm and an emission wavelength of 510 nm and were then analyzed using the

MetaFluor software. Images containing 30-40 cells were selected and Fura-2 AM

fluorescence ratio of 340/380 nm was recorded. For some experiment, gill cells

were incubated with (i) TG (Calbiochem, 2M), (ii) co-treatment with exogenous

STC-1 (STC-1-V5 concentrated medium, 1:20, V5 alone concentrated medium as

control) and TG (2M); or (iii) a pretreatment with inhibitors (i.e PKA inhibitor

(100nM 14-22 Amide, Calbiochem), COX-2 inhibitor (2 M NS-398, Cayman),

before the cotreatment.

LDHActivity Analysis. Isolated FW gill cells were incubated with TG (Calbiochem,

2  M), and/or recombinat STC-1 (STC-1-V5 concentrated medium, 1:20)

with/without inhibitors (i.e PKA inhibitor (100nM 14-22 Amide, Calbiochem),

COX-2 inhibitor (2M NS-398, Cayman) in 200 L HBSS medium for 4 hours.

Supernatants were collected for measuring activities of LDH by using LDH

Cytotoxicity Assay kit (Cayman), according to the manufacturer instruction.

Absorbance signals were detected at 490nm by the microplate reader (Bio Tek,

ELX800).

Real-time PCR Analysis. Isolated gill cells in HBSS medium were treated with (i)

V5 alone concentrated medium; (ii) STC-1-V5 concentrated medium; (iii) TG (2M)

for 4 h at 22°C. For some experiments, the cells were pre-treated for 5 min with

PKA inhibitor (100nM 14-22 Amide, Calbiochem). Purified RNA with a ratio of

1.8–2.0 at A260/A280 was used. Briefly, 0.5μg of total cellular RNA was reversed
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transcribed by the high capacity RNA-to-cDNAkit (Applied Biosystems, Foster City,

CA, USA). PCR reactions were conducted with the StepOne™ real-time PCR

system using power SYBR® green PCR master mix (Applied Biosystems). Verified

gene-specific primers for (gapdh-F: GCGCCAGCCAGAACATCATC, gapdh-R:

CGTTAAGCTCGGGGATGACC; stc-1-F:CTCAGAGGTTCAGGAGGAGT;

stc-1-R: GGTGCTGTAGTACCTGTTGG; cox-2-F: TAGCCCACCAACCTACAA

TG, cox-2-R: TGAGCAAAAAAGGCAAACAC; ecacl-F: GCAGCCCAATAAAAC

CATCGC; ecacl-R: CCACCACATTGCCCTCCTG) of Japanese eels were used.

Copy number of the transcripts for each sample was calculated with reference to a

parallel amplification of known concentrations of the respective cloned PCR

fragments. The occurrence of primer-dimers and secondary products was inspected

using melting curve analysis. Our data indicated that the amplification was specific

for each individual set of primers. Control amplification was done either without

reverse transcriptase or without RNA. The relative expression ratio of (ecacl, stc-1

or cox-2)/gapdh was calculated according to the method described by Pfaffl (Pfaffl,

2001):

Expression ratio = Estc-1CPstc-1 (control–treatment) / EgapdhCPgapdh (control–treatment), where E =

10(–1/slope) and CP is the crossing point at which fluorescence rises above background.

Western Blot Analysis. Protein lysates containing 2040 g of total protein in the

RIPA buffer were mixed with 5SDS loading buffer (250mM Tris-HCl pH 6.8, 10%

SDS, 50% glycerol, 5% β-mercaptoethanol, 62.5mM EDTA, 0.1% bromophenol

blue). After denaturation at 100°C for 10 min, the protein samples were subjected to

electrophoresis on 10% polyacrylamide gels. The gels were then blotted onto PVDF

membranes (PerkinElmer Life Sciences). Western blotting were conducted using

rabbit antibodies against STC-1 (Origene), AP (Gene Hunter), mouse antibodies

against V5 (Invitrogen), His (GE Healthcare Life Science) followed by an incubation

with (1:4000) horseradish peroxidase-conjugated goat anti-rabbit/-mouse antibody.

Specific bands were visualized using the chemiluminescent reagent

(Western-lightening Plus, PerkinElmer Life Sciences). For some experiment, the
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blots were then washed in PBST and re-probed with (1:100) mouse monoclonal

anti-fish Actin antibody (JLA20, Developmental Studies Hybridoma Bank, the

University of Iowa, IA,USA) for normalization.

Statistical Analysis. Drugs treatments were performed in triplicate in each

experiment and every experiment was repeated for at least three times. All data are

represented as the mean ± SEM. Statistical significance was assessed with Student’s

t-test or one-way analysis of variance (ANOVA) followed by Duncan’s multiple

range tests. Groups were considered significantly different if P < 0.05.
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4.3 Results

4.3.1 Effects of CS Extracts on the Production of cAMP in Gill Cells. The CS

extracts from the eels adapted in FW or high-Ca2+ FW conditions were used to test

their effects on cAMP production in gill cells (Fig 4.1A). Both CS extracts

significantly induced increases of cAMP levels in gill cells, whereas the effect of the

CS extract from (high-Ca2+ FW) was remarkably greater. To test if the effects were

due to STC-1 in the extracts, the antibody neutralizing experiment to STC-1 was

conducted. The application of STC-1 neutralizing antibody was found to abolish the

effects of the extracts (Fig. 4.1B). Both real-time PCR and Western blot analysis

showed greater STC-1 expressions in CS extracts of high-Ca2+ FW adapted fish (Fig.

4.1 C-D).
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Fig.4.1 Effects of CS extracts on the production of cAMP in gill cells. (A) Effects
of CS extracts from the eels adapted in FW or high-Ca2+ FW conditions on cAMP
production in gill cells. (B) Application of STC-1 neutralizing antibody in CS
extracts induced cAMP levels; (C-D) Real-time PCR and Western blot analysis of
STC-1 expressions in CS extracts.
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4.3.2 The Binding of the STC-1 Recombinant Protein (STC-1-V5) on

Paraffin-embedded Gill Tissues of FW and High-Ca2+ FWAdapted fish. To verify

if the STC-1 recombinant protein (STC-1-V5) was biological active, the cAMP

production assay was conducted using gill cells. The expression of the recombinant

protein was verified using western blotting (Fig. 4.2A). A significant induction of

cAMP levels was detected upon the treatment with STC-1-V5 and was abolished with

the STC-1 neutralizing antibody (Fig. 4.2B).

To determine if the binding of STC-1 was specific on a particular type cell type,

STC-1-V5 was incubated with paraffin-embedded gill sections. As shown in Fig.

4.2C, the bindings were observed on the lamellar and inter-lamellar regions. A

significant increase of STC-1-V5 binding was detected in the gill sections of fish

adapted in high-Ca2+ FW. To validate this observation, we conducted cAMP assays

using gill pavement cells (PVCs) and chloride cells (CCs)/ mitochondrial-rich cells

(MRCs) isolated by percoll-gradient centrifugation. Both cell types responded to

STC-1-V5 with significant inductions of cAMP levels (Fig. 4.2 D).
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Fig. 4.2 The binding of the STC-1 recombinant protein (STC-1-V5) on
paraffin-embedded gill tissues of FW and high-Ca2+ FW adapted fish. (A)
Western blotting analysis of the expression of the recombinant protein STC-1-V5. (B)
Effects of STC-1-V5 on cAMP levels in gill cells. (C) Binding of STC-1-V5 on
paraffin-embedded gill tissues of FW and high-Ca2+ FW adapted fish. (D) Effects of
STC-1-V5 on cAMP levels in gill pavement cells (PVCs) and chloride cells
(CCs)/mitochondrial-rich cells (MRCs).
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4.3.3 The Binding of the STC-1 Recombinant Protein (STC-1-AP) on Subcellular

Fractions of Gill Preparations. The recombinant protein STC-1-AP was prepared

and was verified with Western blotting using both His and STC-1 antibodies

(Fig.4.3A). The nuclear, mitochondria and plasma membrane preparations showed

specific binding to STC-1-AP (Fig.4.3B). The relative binding activities were found

to be the highest in plasma membrane, followed by mitochondria and nuclear

fractions. As compared between the FW and high-Ca2+ FW conditions, the binding

activities in plasma membrane and mitochondria were higher in the latter preparation.

The levels of nonspecific binding were similar among the samples. The use of

STC-1-V5 was able to displace the binding to STC-1-AP (Fig.4.3B).
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Fig.4.3 The binding of the STC-1 recombinant protein (STC-1-AP) on
subcellular fractions of gill preparations. (A) Western blotting analysis of the
recombinant protein STC-1-AP. (B) Binding of STC-1-AP to the nuclear,
mitochondria and plasma membrane preparations of gill cells from fish adapted in
FW and high-Ca2+ FW conditions. Means significant difference in each group;
#Means significant difference between two groups (P<0.05). Estimates of nonspecific
binding were obtained using either non-fusionAP or STC-AP plus STC-1-V5.
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4.3.4 Effects of STC-1-V5 on Intracellular Ca2+ level, Expression of Epithelial Ca2+

Channel (ECACL) and Cyclo-oxygenase-2 (COX-2). In this part of study, we used

the thapsigargin (TG)-stimulated increase of cytosolic Ca2+ to demonstrate the action

of STC-1, using the recombinant protein STC-1-V5 as the ligand. As shown in Fig.

4.4A, B, TG alone treatment induced an increase of intracellular Ca2+ ([Ca2+]i). The

co-treatment with STC-1-V5, abolished the effect. The addition of PKA inhibitor

(PKAi, 14-22 amide) or cyclooxygenase-2 (COX-2) inhibitor, NS-398 to the

co-treatment counteracted the action of STC-1-V5. The addition of V5 or

STC-1-V5 alone had no noticeable effects on [Ca2+]i. Respectively TG induced

cytotoxicity was significantly reduced by the co-treatment with STC-1-V5 (Fig.

4.4C).

To elucidate the effects of STC-1-V5 on the downstream targets in association with

the regulation of cytosolic Ca2+, the expression levels of ecacl and cox-2 were

measured. STC-1-V5 treatment significantly reduced ecacl but increased cox-2

mRNA expression levels (Fig. 4.5). The addition of PKAi abolished the action of

STC-1-V5.
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Fig. 4.4 Effects of STC-1-V5 on intracellular Ca2+ level. (A) Effects of
recombinant protein STC-1-V5 on TG induced an increase of intracellular Ca2+
[Ca2+]i in gill cells. (B) Ca2+ imagings of gill cells under treatment of TG, co-treatment
with STC-1-V5, PKA inhibitor (PKAi, 14-22 amide) or COX-2 inhibitor, NS-398. (C)
TG induced cytotoxicity on the growth of gill cell, or co-treatment with STC-1-V5,
PKAinhibitor (PKAi, 14-22 amide) or COX-2 inhibitor, NS-398.



- 84 -

Fig.4.5 Effects of STC-1-V5 on expression of epithelial Ca2+ channel (ECACL)
and cyclo-oxygenase-2 (COX-2). (A) Effects of STC-1-V5 on mRNA expression
levels of ecacl in gill cells; (B) Effects of STC-1-V5 on mRNA expression levels of
cox-2 in gill cells; (C) Effects of STC-1-V5 on protein expression levels of COX-2 in
gill cells.
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Fig. 4.6 Proposed signaling pathway involved in STC-1-regulated gene expressions
of endogenous ecacl and cox-2 in gill cells.
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Supplement Fig.4.1 Generation of STC-1-V5 and STC-1-AP fusion protein.
Expression vectors for STC-1-V5 fusion protein (A) and STC-1-AP fusion protein
(B).
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4.4 Discussion

The primary function of STC-1 in fish is known to reduce serum Ca2+ levels via an

inhibition of Ca2+ uptake across gills. The biological action of STC-1 to inhibit gill

Ca2+-transport (GCAT) has been used many years as a standard bioassay to test the

hypocalcemic potency of CS extracts or recombinant STC-1 proteins (Olsen et al.,

1996; Wagner et al., 1986; 1993). However a major gap still exists in our

understanding on how STC-1 inhibits GCAT. The present study using different

preparations of STC-1 receptor ligands (CS extracts, recombinant STC-1 proteins)

and bioassays (cAMP, immunohistochemical (IHC) staining, receptor binding),

illustrated the possible ligand-receptor interaction in fish gills. The results of this

study support the notion of the presence of functional STC-1 receptor in gill cells. It

is a G-protein coupled receptor that stimulates production of cAMP in response to

STC-1 binding and subsequently acts on at least two downstream targets, epithelial

Ca2+ channel (ECACL) and cyclo-oxygenase-2 (COX-2) to reduce Ca2+ entry and

cytosolic Ca2+.

Even though STC-1 receptor has not been cloned yet, indirect evidence suggested

that STC-1 receptor belongs to the family of G-protein coupled receptor. Using

isolated flounder proximal tubules, Renfro and colleagues showed that STC-1

treatment can stimulate PKA-dependent pathway by an elevation of cellular cAMP

level (Lu et al., 1994). Surprisingly there is no study to test the signaling pathway

using fish gills, one of the major targets of STC-1. In the present study we repeated

the similar experiment, but adopted the gill cells model to verify the previous finding.

The extracts of CS glands from fish adapted in FW or high-Ca2+-FWwere prepared to

treat gill cells. Our data illustrated clearly that there was a significant upregulation

of cAMP upon the treatment. Since fish adapted in high-Ca2+ FW should have more

STC-1 stored in CS glands, the effects of the CS extracts showed a remarkable effect

than that from the FW condition. Although the CS extract-preparations consisted of

many other proteins and factors, the specific action of STC-1 was proved by the

application of the neutralizing antibody to STC-1 in the treatment. Moreover the use
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of the STC-1 recombinant protein STC-1-V5 showed a similar stimulation of cAMP

production in gill cell cultures. Taken together this part of study verified the

previous finding of using flounder proximal tubules to illustrate the downstream

signaling was mediated by cAMP.

The synthesis and secretion of STC-1 in CS glands is known to be regulated by

blood Ca2+ levels. The release of STC-1 in response to hypercalcemic stimulation,

acts on gills to inhibit GCAT. On the other hand, populations of gill epithelial cells

could be modified in respective to changes of water osmolality and ion contents.

However there is no study to associate the increase of STC-1 release and changes of

STC-1 binding sites in gills. Therefore we conducted IHC staining using

paraffin-embedded gill sections to determine if fish adapted in waters of different

Ca2+ contents would cause changes in number and location of the binding sites. The

results showed clearly there was an increase of STC-1 binding sites in gills from fish

adapted in high-Ca2+ FW. The increase was in general appeared in both lamellar and

inter-lamellar regions of gills. The receptor binding assay using subcellular fractions

demonstrated specific binding of STC-1 to plasma membrane and mitochondria

preparations. The results were consistent to a previous study but using mammalian

samples (McCudden et al., 2002). Furthermore the subcellular fractions prepared

from fish adapted in high-Ca2+ FW showed significant binding activities. This

observation supports the IHC data. Nevertheless gill chloride cells (CCs/MRCs)

had long been suggested to be the STC-1 target cells, however this presumption is

only supported by circumstantial evidence (Flik & Verbost, 1993) and an individual

study of Ca2+-imaging using isolated MRCs from gills of Japanese eels (Chan &

Wong, 1997). To verify this assumption and to identify if the binding was specific to

a particular cell type (PVC, MRC), the isolated cell types obtained from percoll

gradient centrifugation were used to determine the effects of STC-1 on cAMP

production. Consistently both cell types responded to STC-1 stimulation. Our data

demonstrated both PVC and MRC expressed STC-1 receptor which increased in

response to an increase of water Ca2+ content.
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The biological action of STC-1 is known to inhibit GCAT, but the underlying

mechanism has not yet been elucidated. An earlier study showed a stimulatory

effect of CS extracts on the activities of plasma membrane Ca2+-ATPase, an

enriched-fraction of gills from rainbow trout (Ma & Copp, 1978). A study using

zebrafish embryo and morpholino model, a downregulation of STC-1 caused an

upregulation of ecacl expression, suggesting the role of STC-1 on this important

Ca2+-gate keeper to reduce Ca2+-uptake (Tseng et al., 2009). These findings are

interesting; however there is still no mechanistic data on gill function. To illustrate

the biological action of STC-1, we first conducted Ca2+-imaging experiment to

demonstrate the hypocalcemic action of STC-1. Since all eukaryotic cells

maintained a very low free [Ca2+]i, we used the chemical inhibitor thapsigargin (TG)

to block the action of sarcoplasmic and endoplasmic reticulum (SERCA)

Ca2+-ATPase to raise cytosolic Ca2+ levels. Upon TG treatment, our data showed

clearly that STC-1 exerted its hypocalcemic action to lower intracellular Ca2+ levels,

which was mediated by cAMP. Intriguingly the use of inhibitor NS-398 to COX-2

(a prostaglandin-endoperoxide synthase) which is known to stimulate the activity of

SERCACa2+-ATPase, was able to block the action of STC-1. The data shed light on

COX-2 as a possible downstream target of STC-1. A follow up experiment of

incubating gill cells with STC-1 demonstrated an upregulation of COX-2 expression,

which might activate activities of SERCA Ca2+-ATPase to reduce [Ca2+]i, antagonist

the action of TG. Moreover STC-1 induced downregulation of ecacl to reduce

further Ca2+ entry.

Collectively, this is the first study to provide evidences of STC-1 binding, signaling

and to decipher its mechanistic action on fish gills. Both gill PVCs and MRCs

express STC-1 receptor which mediates cAMP-signaling to activate the expression of

ECACL and COX-2 to reduce the entry and free cytosolic Ca2+. A schematic

diagram summarized the mechanism of the regulation in Fig. 4.6.
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Chapter 5

RNAseq Analysis of CS glands of Japanese eels

(Anguilla japonica) In Response to Changes in Water Salinity

Abstract

In the past decades, physiological studies of biological actions of CS glands
demonstrated the presence of biological active substances with Ca2+-regulatory
function and/or pressor activity. The characteristic and significance of the former
substance is now known as a hypocalcemic polypeptide hormone, stanniocalcin-1
(STC-1) while the latter is still being investigated. In reference with some
physiological data published in the late 60s and recently, we hypothesized that there
are unidentified active principles in CS glands associated with the reported
physiological functions. In present study, we performed RNA sequencing analysis
of CS gland of Japanese eel (Anguilla japonica) transferred from freshwater (FW) to
seawater (SW), to reveal the presence of the unidentified RNA associated with the
reported physiological functions. We acquired 6.9 M and 5.8 M qualified read pairs
from cDNA libraries of CS glands collected from FW and SW adapted eels
respectively. A de novo assembly of RNA sequencing data generated 11747
unigenes, with an average length of 791 bp. Comparative genomic analysis revealed
475 genes that were differentially expressed, with 357 up and 118 down unigenes
identified in the SW group. In addition to STC1, some other well-known
Ca2+-regulatory proteins, like calcitonin and vitamin D3 25-hydroxylase were
identified. Transcripts of genes, atrial natriuretic peptide-converting enzyme (CORIN)
and endothelin-converting enzyme 1 (ECE-1) were detected, which could convert
pro-hormones to active forms for the regulation of blood pressure. This work
represents the first report of utilizing RNAseq to discover potential gene candidates to
characterize additional roles of CS glands in the regulation of physiological functions.



- 91 -

5.1 Introduction
In 1839, a German zoologist H Stannius identified an endocrine gland which was

located on the ventral surface of fish kidneys (Stannius H, 1839). Because of this

intimate anatomical association, Stannius thought that the glands were equivalent to

the mammalian adrenal glands. The name of the glands, Corpuscle of Stannius (CS)

was coined in 1847 (Vincent, 1898), but the assumption of this gland as an adrenal

was maintained until the 20th century. In 1942, the ontogeny of CS glands was

reported. It was discovered that the glands were histologically distinct from the

piscine interrenal and chromaffin tissues (Garrett, 1942). No steroidogenic activity

can be detected in the CS glands (Jones et al., 1965). Electron microscopic studies

revealed that the CS cells possessed the cytoplasmic features of polypeptide

hormone-secreting cells (Ogawa, 1967). Accordingly CS is confirmed to be a

unique endocrine gland in fish.

Surgical removal of CS (stannioectomized, STX) from fishes caused plasma

hypercalcemia (Fontaine, 1964). Other effects included a reduction of plasma Na+

and Cl- levels (Chan et al., 1967; Butler & Alia Cadinouche, 1995), and a decrease of

dorsal aortic blood pressure (Butler, 2003). Intriguingly, STX fishes that were

maintained in low-calcium water did not suffer from the rise of serum Ca2+ levels.

These observations indicated that the ambient water was the major source of Ca2+ that

caused hypercalcemia in the STX fishes. Accordingly, fish gills were suggested to

be the major tissue that absorbed Ca2+ from the ambient water. This hypothesis was

later supported by Fenwick and So′s study (Fenwick & So, 1974), as they

demonstrated that the rate of gill calcium transport was significantly increased in STX

fishes. Conversely the increase of gill calcium transport can be reduced by the

injection of CS extracts (Fenwick & So, 1974; Pang et al., 1973; Fontaine et al.,

1972). This finding indicated that the active principle(s) from the CS extracts

contained “inhibitory factor(s)” that can reduce the rate of gill calcium transport

(GCAT) (Fenwick & So, 1974; So & Fenwick, 1979). One of the major active

principles in CS glands, a hypocalcemic hormone, stanniocalcin-1 (STC-1) has been

identified in 1980s (Wagner et al., 1986; 1988; 1992; Wagner & Dimattia, 2006).
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The characteristic and significance of the substance(s) with pressor activity is still

being investigated (Butler et al., 2003; Butler & Brown, 2007; Butler & Oudit, 1995;

Butler & Zhang, 2001).

Early studies on CS glands had demonstrated its functions in the regulation of blood

pressure and osmoregulation (Jones et al., 1966), however the information on this

aspect is limited. We hypothesized that there are some unidentified regulators in CS

glands associated with the reported physiological functions. In this study, a

high-throughput RNA sequencing technology (RNA-seq) was adopted to obtain the

transcriptome profiles of CS glands from fish adapted in freshwater or seawater

environments. The differential expression patterns in the CS glands were compared

and genes involved in Ca2+ metabolism and blood pressure were identified. The

results of this study provide an important resource for future investigations on the

functions of CS gland.
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5.2Materials andMethods

Animals. Japanese eels (Anguilla japonica) weighing between 500-600g, were

reared in fiberglass tanks supplied with charcoal-filtering aerated tap-water

(freshwater, FW) at 18-20oC under a 12L:12D photoperiod for acclimation at least 2

weeks before experiments. The fish were then either maintained in FW (n=2) or

transferred to seawater (SW) (n=2) for another two weeks. The fish were sampled,

anesthetized with 0.1% MS-222 (Sigma) for the collection of CS glands, followed by

total RNA isolation.

RNA Isolation, cDNALibrary Construction and Illumina Deep Sequencing. Total

RNAwas isolated from CS glands of fish using mirVana™ miRNA Isolation Kit (life

Technologies). The RNA concentration was measured using Qubit® RNA Assay

Kit in Qubit® 2.0 Flurometer (Life Technologies, CA, USA). The RNA samples

(300 ng) with RNA Integrity Number (RIN) greater than 8, as determined by the

Agilent 2100 Bioanalyzer system, was used for library construction (Agilent

Technologies, CA, USA). Four independent sequencing libraries were prepared for

sequencing. Briefly, the cDNA libraries were prepared using the Illumina TruSeq™

RNA Sample Preparation Kit (Illumina, San Diego, USA) following manufacturer’s

recommendations. Index codes were ligated as identification to individual samples.

mRNAwas purified from the total RNA using poly-T oligo-attached magnetic beads

(Illumina, San Diego, USA), then fragmented by using divalent cations under

elevated temperature in Illumina proprietary fragmentation buffer. First and second

strand cDNAs were synthesized using random oligonucleotides and SuperScript II,

then DNA polymerase I and RNase H. Overhangs were blunted by using

exonuclease/polymerase, followed by 3’ end adenylation. After adenylation of 3’

ends of DNA fragments, Illumina PE adapter oligonucleotides were ligated to DNA

fragments. DNA fragments that ligated with adaptor molecules on both ends were

selectively enriched using Illumina PCR Primer Cocktail in a 10 cycle PCR reaction.

Products were purified (AMPure XP system) and quantified using the Agilent DNA

assay on the Agilent Bioanalyzer 2100 system. Before submitted to sequencing, the



- 94 -

libraries were normalized and pooled together in a single lane on an Illumina MiSeq

platform and 150 bp paired-end reads were generated.

Bioinformatic Analysis. Sequencer’s images were processed to derive the base calls

and generate digital data. After removal of the adaptor sequences, the expression

levels of mRNAwere calculated, which equal to the total reads of each base along the

mRNA averaged by the length of the mRNA. Deregulated genes were subjected to

KEGG pathway analysis to decipher molecular interaction networks.

Quality Control. Raw data (raw reads) of fastq format were firstly processed

through our self-written perl scripts. In this step, clean data (clean reads) were

obtained by removing reads containing adapters, reads containing poly-N and low

quality reads from raw data. At the same time, Q20, Q30, GC-content and sequence

duplication level of the clean data were calculated. All the downstream analyses

were based on clean data with high quality.

Transcriptome Assembly. The forward and reverse reads from all

libraries/samples were pooled and subjected to Trinity transcriptome de novo

assembly using with “min_kmer_cov” set to 2 and all other parameters set default.

Transcriptome Annotation. The coding sequences (open reading frames, ORF)

were identified by Transdecoder using following criteria, (1) the longest ORF was

identified within each transcript; (2) of all the longest ORFs extracted, a subset of

very longest ones were identified and used to parameterize a Markov model based on

hexamers. These likely coding sequences were randomized to provide a sequence

composition corresponding to non-coding sequences; (3) all longest ORFS were

scored according to the Markov Model to identify the highest scoring reading frame

out of the six possible reading frames. These ORF were then translated to protein

sequences and compared with the UniProt protein non-redundant database using

BlastP with E values less than 1.0×10-6. All annotated transcripts were used to
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determine the Clusters of Orthologous Groups of proteins (COG) term, Gene

Ontology (GO) term.

Differential Expression and GO enrichment Analysis. Sequencing reads were

mapped to assembled transcripts using BWA-MEM and Novoalign. Read count

data were extracted and subjected to differential expression analysis using the edgeR

R package. Samples with identical treatment were considered to be biological

replicate. B&H corrected p-value (Novoalign3) <0.05 &|log2 (fold change)| >1 was

set as the threshold for the determination of significant differential expression.

Expression values of transcripts were obtained using RSEM.

Real-time RT-PCR Confirmation of Sequencing Data. To validate the sequencing

data, differentially expressed genes were selected for quantitative RT-PCR analysis.

Total cellular RNA (0.5μg) was reversed transcribed by the high capacity

RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). PCR reactions

were conducted using power SYBR® green PCR master mix with the StepOne™

real-time PCR system (Applied Biosystems). Verified gene-specific primers (Table

S1) of Anguilla japonica were used. The occurrence of primer-dimers and

secondary products was inspected using melting curve analysis. Our data indicated

that the amplification was specific for each individual set of primers. Control

amplification was done either without reverse transcriptase or without RNA. The

relative expression ratio of (target)/gapdh was calculated according to the method

described by Pfaffl (Pfaffl, 2001):

Expression ratio = EtargetCPtarget (control–treatment) / EgapdhCPgapdh (control–treatment), where E =

10(–1/slope) and CP is the crossing point at which fluorescence rises above background.
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5.3 Result

5.3.1 Illumina Draft Reads and Sequence Assembly. In this study, two CS glands

in one fish were used to prepare one pooled RNA sample, two technical replicates per

FW and SW adapted fish. Four cDNA libraries were then constructed to perform

Illumina sequencing. The schematic diagram of the workflow is shown in Fig. 5.1.

We obtained 6.9M and 5.8M qualified Illumina read pairs for FW and SW

respectively, giving the total clean bases of 2.04 and 1.73 G. The overall Illumina

read pairs and clean bases for all samples are shown in (Table 5.1).

After assembly analysis based on all the Illumina reads, we identified 78713 contigs.

The average length of all contigs was 791 bp, with the shortest sequence of 201 bp

and the longest one of 10424 bp. The sequence length distribution of contigs was

indicated in Fig. 5.2 and Table 5.2, and transcriptome blast assignment summarized in

Table 5.3.
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Fig. 5.1 Schematic of Illumina deep sequencing and analysis. It includes sample
preparation, cDNA library construction and Illumina sequencing, data analysis
including assemble, blast, GO annotation, gene expression analysis, etc.
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Table 5.1 Summary of draft reads of the two libraries by Illumina deep
sequencing.

Group PE library
(bp)

Read pairs
(M)

Read length
(bp)

Cleanbases
(G)

FW 450 6.9 150 2.04

SW 450 5.8 150 1.73

Total 450 12.7 150 3.77
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Fig. 5.2 Sequence length distribution of contigs assembled from Illumina reads.

Table 5.2 Assembly Results Statistics.

Transcript
length
interval

<250bp 250-400bp 400-1kbp 1k-2kbp >2kbp Total

Number of
transcripts

9161 21450 28886 13473 5742
7871
2

Table 5.3 Summary statistics of transcriptome blast assignment.

UniProtKB/Swiss-Prot GOmapped COGhits KEGG hits

11704 10439 1329 3175
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5.3.2 Annotation of Unigenes. The Unigenes were subjected to 6-frame translations

and the data of likely coding sequences were extracted. These likely coding

sequences were randomized to provide a sequence composition corresponding to

non-coding sequences. All longest ORFs were scored according to the Markov

Model (log likelihood ratio based on coding/noncoding) in each of the six possible

reading frames. If the putative ORF proper coding frame scored positive and was

the highest among the other presumed wrong reading frames, then that ORF was

reported. If a high-scoring ORF was eclipsed by a longer ORF in a different reading

frame, it would be excluded. Annotation analysis was implemented to match the

predicted ORF sequences against UniProtKB/Swiss-Prot databases using BLASTP

searching with an E value 1.0×10-6. All annotated unigenes were used to determine

the COG term, GO term and KEGG pathway. In this study, 11747 unigenes were

matched to UniProtKB/Swiss-Prot database. For main species distribution that

matched against UniProtKB database, 31.35% of the matched unigenes showed

similarities with Homo sapiens, followed by Mus musculus (21.05%), Danio rerio

(12.60%), Rattus norvegicus (7.92%), Bos taurus (6.77%), Gallus gallus (4.03%),

Xenopus laevis (3.48%), Pongo abelii (2.60%), Xenopus (Silurana) tropicalis (1.82%)

and others (8.38%) (Fig. 5.3).
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Fig. 5.3 Main species distribution of matched unigenes in similarities.
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5.3.3 GO Enrichment Analysis and Cluster Classification. All the unigenes were

analyzed according to GO functional enrichment analysis (Table 5.4-I). The top five

pathways involved in (1) molecular functions, included GTPase regulator activity

(GO:0030695, 168 unigenes), nucleoside-triphosphatase regulator activity

(GO:006058, 170 unigenes), nucleotide binding (GO:0000166, 616 unigenes), small

GTPase regulator activity GO:0005083, 118 unigenes) and ATP binding

(GO:0005524, 424 unigenes). In (2) biological process, it included establishment of

protein localization (GO:0045184, 258 unigenes), protein localization (GO:0045184,

287 unigenes), protein transport (GO:0045184, 254 unigenes), intracellular transport

(GO:0046907, 217 unigenes), and regulation of small GTPase mediated signal

transduction (GO:0051056, 100 unigenes). For (3) cellular component, intracellular

organelle lumen (GO:0070013, 503 unigenes), organelle lumen (GO:0043233, 506

unigenes), membrane-enclosed lumen (GO:0031974, 514 unigenes), nuclear lumen

(GO:0031981, 418 unigenes) and nucleolus (GO:0005730, 216 unigenes) were

identified.

The unigenes of CS gland transcriptome were classified into three clusters (Table

5.4-II). The cluster I were those genes involved in the regulation of calcium

metabolism. This included stanniocalcin-1 (STC-1), calcitonin, vitamin D(3)

25-hydroxylase, calcium-sensing receptor (CaSR), S100 calcium-binding protein A6

(S100A6) and stromal interaction molecule 1 (STIM1). For cluster II, atrial

natriuretic peptide-converting enzyme (Corin) and endothelin-converting enzyme 1

(ECE-1) were listed. The enzymes are known to activate peptides or pro-hormones to

be involved in the regulation of blood pressure. For cluster III, those are transporters

involved in ion-osmoregulation, like aquaporin-1, 3, chloride intracellular channel

protein 5, kidney-specific Na-K-Cl symporter and voltage-gated potassium channel

subunit Kv11.1.
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Table 5.4-I GO functional enrichment analysis of all of the unigenes of CS
transcriptome.

Term Unigenes P-Value

Molecular function
GO:0030695~GTPase regulator activity 168 6.20E-22
GO:0060589~nucleoside-triphosphatase regulator

activity 170 1.20E-21

GO:0000166~nucleotide binding 616 1.50E-17
GO:0005083~small GTPase regulator activity 118 5.10E-17
GO:0005524~ATP binding 424 8.40E-15

Biological process
GO:0045184~establishment of protein localization 258 3.40E-18
GO:0045184~protein localization 287 4.10E-18
GO:0045184~protein transport 254 1.60E-17
GO:0046907~intracellular transport 217 2.50E-14
GO:0051056~regulation of small GTPase mediated

signal transduction 100 5.40E-12

Cell component

GO:0070013~intracellular organelle lumen 503 9.60E-22
GO:0043233~organelle lumen 506 3.30E-20
GO:0031974~membrane-enclosed lumen 514 3.60E-20
GO:0031981~nuclear lumen 418 1.60E-19
GO:0005730~nucleolus 216 3.10E-13
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Table 5.4-II Classification of all of the unigenes of CS transcriptome.

Gene ID

Cluster I Ca2+ metabolism (Total 492 Unigenes)
Stanniocalcin-1 comp31909_c2
Calcitonin-1 comp18601_c0
Vitamin D(3) 25-hydroxylase comp7276_c0
Calcium-sensing receptor comp610_c0
S100 calcium-binding protein A6 comp22265_c0
Stromal interaction molecule 1 comp32767_c0

Cluster II Blood pressure (Total 26 Unigenes)
Endothelin-converting enzyme 1 comp30404_c0
Atrial natriuretic peptide-converting enzyme comp2660_c0

Cluster III Ion-osmoregulation (Total 101 Unigenes)
Aquaporin-1 comp21702_c0
Aquaporin-3 comp12261_c0
Chloride intracellular channel protein 5 comp21102_c0
Kidney-specific Na-K-Cl symporter comp7276_c0
Voltage-gated potassium channel subunit Kv11.1 comp155490_c0
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5.3.4 Differentially Expressed Genes. In comparison of transcriptome data of CS

glands from FW and SW conditions, a total of 475 unigenes were identified to be

differentially expressed after the transfer of fish from FW to SW (B&H corrected

p-value (Novoalign3)<0.05 & |log2 (fold change)|>1). These included 357 up and

118 down differentially expressed unigenes in the SW group (Fig. 5.4 and Table S2).

These differentially expressed genes were further analyzed according to GO

functional enrichment analysis (Table 5.5 and Table S3). Ten differentially regulated

genes involved in the three clusters abovementioned were validated by real time-PCR

(RT-PCR) analysis. The PCR data agreed well with the Illumina sequencing

analysis (Table 5.6).
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Fig. 5.4 Differentially expressed genes in SW group compared to FWgroup.
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Table 5.5 GO enrichment analysis of the differentially expressed genes.

Term Count
Total(up/down) P-Value

Molecular function

GO:0019992~diacylglycerol binding 5(3/2) 0.002211788
GO:0005509~calcium ion binding 14(11/3) 0.033914516
GO:0046027~phospholipid:diacylglycerol

acyltransferase activity 2(2/0) 0.039794719

GO:0043169~cation binding 43(34/9) 0.054935552
GO:0043167~ion binding 43(34/9) 0.067881758

Biological process
GO:0007155~cell adhesion 16(14/2) 4.79E-04
GO:0022610~biological adhesion 16(14/2) 4.86E-04
GO:0032990~cell part morphogenesis 9(8/1) 0.001080125
GO:0048858~cell projection morphogenesis 8(7/1) 0.003652222
GO:0007156~homophilic cell adhesion 6(5/1) 0.004127029

Cell component
GO:0000151~ubiquitin ligase complex 7(6/1) 1.57E-04
GO:0016323~basolateral plasma membrane 7(7/0) 0.010027766
GO:0009925~basal plasma membrane 3(3/0) 0.022656419
GO:0005783~endoplasmic reticulum 16(14/2) 0.025033566
GO:0045178~basal part of cell 3(3/0) 0.029628494
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Table 5.6 Changes of gene expressions of 10 selected genes for the comparison
of SW with FW group according to Illumina RNA sequence and Real-time
PCR analysis.

Gene ID Real-time
PCR

Illumina
RNA seq

Ca2+metabolism
Calcitonin-1 comp91506_c0 13.881.82  11.88
Vitamin D(3) 25-hydroxylase comp7276_c0 0.020.02  0.10

S100 calcium-binding protein A6 comp22265_c0 0.340.09  0.08

Tensin-2 comp12417_c0 3.360.86  3.97
Stromal interaction molecule 1 comp32767_c0 3.640.85  3.43

Ion-osmoregulation

Chloride intracellular channel protein 5 comp21102_c0 0.030.03  0.01

Kidney-specific Na-K-Cl symporter comp29031_c0 101.6729.34 4.53
Voltage-gated potassium channel subunit
Kv11.1

comp155490_c0 15.184.44  11.88

Aquaporin-3 comp12261_c0 0.020.03  0.07
NRip11 comp22623_c0 3.091.37  4.23
Note: Value of Real-time PCR=The relative expression ratio of target genes.

Asterisk () marks the significant difference in SW group compared to FW group.
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5.4 Discussion

In comparing with some traditional methods (i.e. RNA subtractive hybridization), the

next generation sequencing technology has opened up a new platform for nucleic acid

sequences analysis, with high efficiency, high reproducibility and high data

throughput. Unrestricted by the lack of a genome reference sequence, this

technology has been applied in decoding the genomes of several non-model

organisms, and providing valuable information in studying the gene function, cell

responses and evolution (Ramayo-Caldas et al., 2012; Sánchez et al., 2011; Wang et

al., 2011). In this study, we adopt this technology to analyze transcriptome data of

CS glands and obtained 78713 contigs. Assembly analyses showed that all contigs

were matched to 11747 unigenes. Since there is no genome data available for

Anguilla species, this data set obtained in this study largely enriched the

transcriptome database of Anguilla japonica. It benefits in particular the study of CS

gland functions.

Because of lacking genome data of Anguilla japonica, we assembled nucleic acid

sequences and matched genes mainly against Homo sapiens, Mus musculus, Danio

rerio, Rattus norvegicus, Bos taurus, Gallus gallus, Xenopus laevis, Pongo abelii, and

Xenopus tropicalis, those have complete genomic information published in

UniProtKB database. We detected a total of 475 unigenes that were differentially

expressed in CS glands of SW adapted eels (B&H corrected p-value (Novoalign3)

<0.05 & |log2 (fold change)|>1). To characterize the biological responses of CS

glands to the change of water salinity, the differential expressed genes were subjected

to GO analysis. The results of transcriptome analysis revealed that a number of

differentially expressed genes were involved in calcium ion binding (GO:0005509, 14

unigenes), cation binding (GO:0043169, 43 unigenes) and ion binding (GO:0043167,

43 unigenes). Importantly, among of the 14 unigenes that involved in calcium ion

binding, 11 unigenes were upregulated in the CS glands of fish adapted in SW as

compared with FW, such as stromal interaction molecule 1 (STIM1), which plays a

role in mediating store-operated Ca2+ entry (SOCE). STIM1 acts as Ca2+ sensor in
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the endoplasmic reticulum. Upon Ca2+ depletion, STIM1 is translocated from

endoplasmic reticulum to plasma membrane to activate Ca2+ release-activated Ca2+

(CRAC) channel subunit (Liou et al., 2005; Srikanth  Gwack, 2012; Yang et al.,

2012; Yuan et al., 2009). Pervious study also suggested that STC-2 interacted with

STIM1 and negatively modulated of SOCE thereby regulated of Ca2+ homeostasis in

mammalian cells (Zeiger et al., 2011). STIM1 may play a role to mediate signals of

extracellular Ca2+ to modulate STC-1 synthesis and release. In addition, our data

showed that many differentially expressed genes were associated with cellular protein

modification (39 unigenes) and phosphorylation process (10 unigenes). These

post-translational modifications are important for protein activities, stability,

localization or degradation (Mann  Jensen, 2003). After translation, polypeptide

chains undergo posttranslational modifications, such as folding, cutting and other

processes to become mature protein products (Johnston  Hutvagner, 2011). These

changes were important for an endocrine gland, like CS gland to detect physiological

signals (i.e. Ca2+), transduce the signals via protein phosphorylation and to stimulate

production of STC-1.

In addition to the general annotation, we addressed our particular research question

using GO analysis, to highlight the unigenes in related to three functional clusters: (1)

Ca2+-metabolism, (2) blood pressure and (3) ion-osmoregulation. The differential

expressed unigenes under the three functional clusters were validated using real-time

PCR analysis. In fish, STC-1 is a well-studied hypocalcemic hormone involved in

the regulation of Ca2+ homeostasis. The roles of other well-studied mammalian

Ca2+-regulating hormones (i.e. parathyroid hormone (PTH), calcitonin (CT) and 1, 25

dihydroxyvitaminD3) in calcium metabolism in fish, are largely not known.

Recently, PTH gene family was identified in a cartilaginous fish, elephant shark (Liu

et al., 2010). One of the members Pth1 was found to exert PTH-like activity in

mammalian UMR106.01 cells and was believed to play a fundamental role in

cartilaginous fish, before evolving to regulate bone development in teleosts. This

assumption was supported by a study to demonstrate the activity of Pth1 on osteoblast
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and osteoclast activities in scales of goldfish (Suzuki et al., 2011). The role of Pth1

on Ca2+ homeostasis was demonstrated using zebrafish embryos (Lin et al., 2014).

Since fish lacks of parathyroid gland, the origin of its synthesis and release in teleost

fish is not clear. Since CS glands are the major endocrine tissue involved in Ca2+

homeostasis in teleosts, we attempted to search if Pth is expressed in the glands.

Surprisingly there was no Pth-like transcript detected in the CS glands. However we

identified the mRNA of CT. In mammals, CT is known to be produced by

parafollicular cells while in fish, the presence of CT was reported in ultimobranchial

glands (Pang, 1971). This is the first study to identify CT in CS glands. High level

of CT expression level was detected in CS glands of SW fish, it implied that the

expression of CT responded to high salinity and/or high ambient Ca2+ level. In

mammals, CT is one of the important hormones involved in calcium regulation

(Evans et al., 2005; Khanal & Nemere, 2008). Current evidences indicated that CT

is a hypocalcemic hormone, opposing the effects of PTH. CT was reported to exert

inhibitory action osteoclast and reduce intestinal and renal Ca2+ (re)absorption

(Khanal & Nemere, 2008). In teleost fish, the regulation of role of CT in Ca2+

homeostasis is not concluded. Some studies showed inhibitory effects of CT on

GCAT in rainbow trout (Wagner et al., 1997), indicating its hypocalcemic function.

However other studies administrated CT caused hypercalcemia in brown trout

(Oughterson et al., 1995). A recent study using zebrafish model illustrated a

hypocalcemic function of CT to inhibit ECaCl expression (Lafont et al., 2011).

Nevertheless the identification of CT expression in CS glands warrants further

investigation the role of CT in fish. Further to the Ca2+-regulatory function, early

studies of CS gland physiology denoted the presence of pressor substances in the

glands. In STX fishes, a decrease of dorsal aortic blood pressure was reported

(Butler et al., 2003). An injection of saline extract of CS increased blood pressure of

fish (Bailey & Fenwick, 1975). However, the “pressor” substances in CS glands

that increased systemic blood pressure are still not known. Through this

transcriptomic analysis, we identified the expression of atrial natriuretic

peptide-converting enzyme (CORIN) and endothelin-converting enzyme 1 (ECE-1).
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Although no significant difference in their mRNA expression levels in CS glands

were measured between the FW and SW fish, the two enzymes are known to be

indirectly regulate blood pressure. CORIN is an endopeptidase that cleavages atrial

natriuretic peptide hormone into an active form to induce vasodilation (Yan et al.,

2000). ECE-1 involves in proteolytic activation of endothelins, which have strong

vasoconstrictive effects (Unic et al., 2011). For the functional cluster-3

“ion-osmoregulation”, the differential changes in the expression levels of the

membrane transporters were interpreted as the modulation of membrane sensors to

integrate extracellular signals to regulate CS gland functions. For example, the

expression level of AQP-3 was significantly reduced in CS glands of SW fish. The

studies of the functions of water-specific, membrane-channel proteins-AQPs in

mammals and fish suggested that AQPs have unique permeability characteristics and

widely distributed in tissues and play important roles in the regulation of water

homeostasis (Cerdà et al., 2010; King et al., 2004). Based on the oyster genome

data (Zhang et al., 2012), Meng et al. examined the salt stress effectors, AQPs

through genome and transcriptome analyses to provide insight into the euryhaline

adaptation mechanism of Crassostrea gigas (Meng et al., 2013). Other transporters

may have general housekeeping functions to integrate signals in the regulation of

membrane potential and ion homeostasis across plasma membrane.

In summary, our work represents the first report of using next generation

sequencing technique to identify gene targets related to some reported CS gland

functions. Differential gene expression was observed in CS glands from FW and

SW adapted fish. Three functional clusters were generated to match the gene

functions to the reported physiological functions of the glands.
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Appendix
Table S1. Primer sequences and product size of target and reference genes used for quantitative RT-PCR.
Unigenes Primers Product Size (bp)

Calcitonin-1 F:ATAGAGTTGTGCGTTGTGGA
R:GGCGGAGATCTTCAGCATTA 143

Vitamin D(3) 25-hydroxylase F: TGCTCTTCCCCAAATCCGTC
R:GAGATGGTCCCACACTGCAA 71

S100 calcium-binding proteinA6 F:TGTCAAAGAAGAGTTCCCGC
R:GATTTCCCAACAAGGTCCGA 135

Tensin-2 F: GGTTTGACGACACAATGAGG
R: CAGGTTCTCGATGCTCTGTC 119

Stromal interactionmolecule 1 F: TGACCCTGTGGATTGTATGC
R:GTCCGATAGCTCATTGTCGG 104

Chloride intracellular channel protein 5 F:AAATGGCGAGGACAAGGACC
R: CAGGTTATGCAAATCCGCCG 178

Kidney-specific Na-K-Cl symporter F: GAGGCTAAGGCCCAAGTTTT
R:TCCTCTGGATCGCTTAGCTT 105

Voltage-gated potassium channel subunit
Kv11.1

F: TCGGCGTTCGACCTTCATAG
R: CAACGAGTTGCACGTGTTCC 102

Aquaporin-3 F: GGGCTTCAACTCTGGATACG
R: CCAGTATGATTTGGCCGTGA 109

NRip11 F: CTGGACCTCAACGAGAACAG
R:GAGTCTGAGAGGTCACCCTT 227

GAPDH F:GCGCCAGCCAGAACATCATC
R:GTTAAGCTCGGGGATGACC’ 74
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Table S2. List of differently expressed genes in CS gland of Anguilla japonica of SWgroup compared with FWgroup.

transcript

log2

FoldChange.

(Novoalign3)

B&H

corrected

p-value

(Novoalign3)

Identity

Match(%)
UniprotID

Gene

Symbol

Species of

UniprotID
Gene Description

comp29375_c0_seq1 2.133987496 0.002208429 33.91% Q6ITQ4 PDZ1I PIG 17 kDa membrane-associated protein

comp27827_c0_seq1 -1.872518063 0.008649951 79.03% A3KGZ2 OGFD2 DANRE 2-oxoglutarate and iron-dependent oxygenase domain-containing

protein 2

comp30302_c0_seq4 -5.52440545 1.97E-10 46.06% P55918 MFAP4 BOVIN 36 kDa microfibril-associated glycoprotein

comp5514_c0_seq1 2.442750577 0.021618384 77.72% Q6NYL3 ECHP DANRE 3-hydroxyacyl-CoA dehydrogenase

comp32755_c0_seq1 1.792020302 0.0366197 68.56% O77506 LASP1 RABIT 40 kDa phosphoprotein

comp14665_c0_seq1 2.608780398 2.92E-05 100% Q7ZUB2 RS17 COTJA 40S ribosomal protein S17

comp7429_c0_seq1 -1.846130576 0.002645973 97.20% B5DGL6 RS3A SALSA 40S ribosomal protein S3a

comp102962_c0_seq1 -2.195667599 0.038246765 72.73% Q61481 PDE1A MOUSE 61 kDa Cam-PDE

comp13777_c0_seq1 5.062120714 0.018350598 54.84% Q8N157 AHI1 HUMAN Abelson helper integration site 1 protein homolog

comp22292_c0_seq1 1.610647972 0.01750139 68.98% Q7SY73 ABH6B XENLA Abhydrolase domain-containing protein 6-B

comp20007_c0_seq1 5.303132507 2.24E-06 83.13% Q6IR34 GPSM1 MOUSE Activator of G-protein signaling 3

comp31598_c1_seq1 -2.820945844 0.000171621 68.54% Q9NUB1 ACS2L HUMAN Acyl-CoA synthetase short-chain family member 1

comp14354_c0_seq1 2.478723042 0.043463332 57.09% Q502L1 ACB5A DANRE Acyl-CoA-binding domain-containing protein 5A

comp21239_c0_seq1 2.120886383 0.008672029 50.40% Q13438 OS9 HUMAN Amplified in osteosarcoma 9

comp31554_c0_seq2 -1.461025494 0.016640727 41.56% Q24K15 ANGP4 BOVIN Angiopoietin-4

comp30302_c0_seq12 -2.855327521 0.049179048 42.66% Q640P2 ANGL1 MOUSE Angiopoietin-like protein 1



- 116 -

comp48517_c0_seq1 7.580423383 2.45E-07 61.68% Q86XS5 ANGL5 HUMAN Angiopoietin-like protein 5

comp7105_c0_seq1 5.062120714 0.018350598 59.90% Q6P9J5 KANK4 MOUSE Ankyrin repeat domain-containing protein 38

comp7880_c0_seq1 4.875631647 0.030208222 80.93% Q9P2R3 ANFY1 HUMAN Ankyrin repeats hooked to a zinc finger motif

comp13839_c0_seq1 2.696955245 0.022432432 52.40% Q3TY86 AIFM3 MOUSE Apoptosis-inducing factor-like protein

comp12261_c0_seq1 -3.912405769 0.001346857 69.49% Q8R2N1 AQP3 MOUSE Aquaglyceroporin-3

comp25900_c0_seq1 3.641209148 0.00510046 54.94% P02463 CO4A1 MOUSE Arresten

comp7710_c0_seq1 3.438347314 0.007266956 69.49% Q0V9M0 CRAC1 XENTR ASPIC

comp188869_c0_seq1 -5.191895737 0.011362034 98.43% P15999 ATPA RAT ATP synthase subunit alpha, mitochondrial

comp17051_c1_seq1 2.591961632 0.031127886 84.38% Q5VV63 ATRN1 HUMAN Attractin-like protein 1

comp13673_c0_seq2 4.875631647 0.030208222 32.41% P15979 HA1F CHICK B12

comp80207_c0_seq1 3.641209148 0.007266956 27.67% O75144 ICOSL HUMAN B7-related protein 1

comp29605_c0_seq1 2.524065104 0.016361757 38.10% Q5R8P3 BBS10 PONAB Bardet-Biedl syndrome 10 protein homolog

comp31950_c1_seq6 1.81263123 0.005041036 73.86% Q12983 BNIP3 HUMAN BCL2/adenovirus E1B 19 kDa protein-interacting protein 3

comp15973_c0_seq1 2.211761211 0.012418765 48.71% Q6ZNI0 GCNT7 HUMAN Beta-1,3-galactosyl-O-glycosyl-glycoprotein

beta-1,6-N-acetylglucosaminyltransferase 7

comp32828_c2_seq5 2.022848785 0.001513609 78.83% O73683 A4 TETFL Beta-APP

comp130129_c0_seq1 3.20221902 0.022224599 71.13% O18738 DAG1 BOVIN Beta-dystroglycan

comp32836_c0_seq3 2.37797969 0.001512556 54.71% P53004 BIEA HUMAN Biliverdin-IX alpha-reductase

comp28811_c0_seq4 3.466068294 1.50E-06 28% Q9D3G2 SLAF8 MOUSE B-lymphocyte activator macrophage expressed
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comp21368_c0_seq1 3.900345321 0.001856422 40.57% Q52KR3 PRUN2 MOUSE BNIP2 motif-containing molecule at the C-terminal region 1

comp25276_c0_seq2 3.002940548 0.001333094 58.38% Q1RM09 BASP1 DANRE Brain acid soluble protein 1 homolog

comp15931_c0_seq1 2.649012115 0.002285626 71.83% A2BEA6 ARI3A DANRE Bright homolog

comp12211_c0_seq1 3.543340927 0.007266956 76.45% Q7TSZ8 NACC1 MOUSE BTB/POZ domain-containing protein 14B

comp22636_c0_seq1 -1.426702635 0.028844698 47.51% Q00322 CEBPD MOUSE C/EBP-related protein 3

comp18601_c0_seq1 3.578456431 0.000545239 70.68% P01263 CALC1 ONCKE Calcitonin-1

comp59002_c0_seq1 6.126538275 0.000609972 45.78% Q8N7X0 ADGB HUMAN Calpain-7-like protein

comp24557_c0_seq1 1.456268669 0.043690146 46.15% Q6P2L7 CASC4 MOUSE Cancer susceptibility candidate gene 4 protein homolog

comp23477_c0_seq1 -2.604706764 0.009500144 64.91% Q9UBY9 HSPB7 HUMAN Cardiovascular heat shock protein

comp91813_c0_seq1 5.745854795 0.001968051 50.63% Q9EPW2 KLF15 MOUSE Cardiovascular Krueppel-like factor

comp23974_c0_seq1 1.811399318 0.033994756 70.60% Q5VZK9 LR16A HUMAN CARMIL homolog

comp116436_c0_seq1 2.591961632 0.031127886 70.42% Q1LW89 CASD1 DANRE CAS1 domain-containing protein 1

comp31382_c0_seq4 5.062120714 0.018350598 85.19% P78368 KC1G2 HUMAN Casein kinase I isoform gamma-2

comp25923_c0_seq1 3.102507051 0.001627121 58.37% O88587 COMT MOUSE Catechol O-methyltransferase

comp23808_c0_seq1 1.855768257 0.019079119 91.59% A1A5H6 CNOT1 DANRE CCR4-associated factor 1

comp116285_c0_seq1 4.875631647 0.030208222 89.95% A2BHJ4 CNO6L DANRE CCR4-NOT transcription complex subunit 6-like

comp28840_c2_seq1 1.333999947 0.035626612 61.67% P40241 CD9 RAT CD9 antigen

comp29287_c0_seq1 -1.807100827 0.004553169 82.74% Q9BZ29 DOCK9 HUMAN Cdc42 guanine nucleotide exchange factor zizimin-1
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comp17408_c0_seq1 1.7895853 0.005561169 88.24% P40220 RABP1 CHICK Cellular retinoic acid-binding protein I

comp9636_c0_seq1 2.442750577 0.016361757 68.15% A0JM08 C170B XENTR Centrosomal protein 170B

comp21102_c0_seq1 -6.696370073 1.75E-05 82.80% Q8BXK9 CLIC5 MOUSE Chloride intracellular channel protein 5

comp32074_c0_seq4 1.987453873 0.008689647 50.25% Q8BLF1 NCEH1 MOUSE Chlorpyrifos oxon-binding protein

comp21400_c0_seq1 1.801337958 0.026642207 83.03% Q8BGS7 CEPT1 MOUSE Choline/ethanolaminephosphotransferase 1

comp26471_c0_seq1 -1.320436492 0.028593991 47.34% O62644 LECT2 BOVIN Chondromodulin II

comp30403_c0_seq1 5.055749944 1.22E-10 44.36% Q6WN34 CRDL2 HUMAN Chordin-related protein 2

comp79268_c0_seq1 6.207852802 0.000295533 93.38% Q14190 SIM2 HUMAN Class E basic helix-loop-helix protein 15

comp28365_c0_seq2 1.838573889 0.020019895 40.32% Q8HWB0 HMR1 MOUSE Class I histocompatibility antigen-like protein

comp10007_c0_seq1 -4.840558724 0.030208222 42.64% B1AQL3 TM235 MOUSE Claudin-27

comp100631_c0_seq1 -5.710214685 0.001968051 70% Q6BBL6 CLD4 BOVIN Claudin-4

comp19359_c0_seq1 -2.888648472 0.001083846 67.30% O35054 CLD4 MOUSE Clostridium perfringens enterotoxin receptor

comp31451_c0_seq1 1.309706737 0.03013923 58.68% P0C862 C1T9A HUMAN Complement C1q and tumor necrosis factor-related protein 9

comp27531_c0_seq2 1.453538578 0.020238136 31.79% Q7Z5L3 C1QL2 HUMAN Complement C1q-like protein 2

comp19428_c0_seq1 1.602567435 0.034663943 40.11% P07360 CO8G HUMAN Complement component C8 gamma chain

comp30495_c0_seq4 3.204009659 0.003581399 45.22% Q9YIC2 LEG2 CONMY Congerin II

comp17750_c0_seq1 2.13737042 0.034012526 91.02% A1Z3X3 GET4 ORYLA Conserved edge expressed protein

comp25433_c0_seq2 2.357664604 0.003052967 33.99% Q8BFW3 PR15B MOUSE Constitutive repressor of eIF2alpha phosphorylation
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comp20297_c0_seq1 -2.855327521 0.049179048 50% Q8R373 CLMP MOUSE Coxsackie- and adenovirus receptor-like membrane protein

comp26495_c0_seq1 -3.147540055 5.36E-06 65.62% Q5XKE0 MYPC2 MOUSE C-protein, skeletal muscle fast isoform

comp20093_c0_seq4 2.275617841 0.007147864 82.18% Q9Z2F5 CTBP1 RAT C-terminal-binding protein 3

comp28840_c0_seq1 -1.279796045 0.045686731 75.21% Q800I7 ANFC4 ORYLA C-type natriuretic peptide 4

comp27569_c3_seq2 -1.361680367 0.0367058 95.87% Q13620 CUL4B HUMAN Cullin-4B

comp24135_c0_seq1 2.356971926 0.012597795 49.40% Q10588 BST1 HUMAN Cyclic ADP-ribose hydrolase 2

comp12761_c0_seq1 2.919731999 0.049179048 86.96% Q8ND76 CCNY HUMAN cyclin-X

comp17112_c0_seq1 3.41127767 9.07E-06 83.39% Q92109 CP1A3 ONCMY CYP1A1

comp32135_c5_seq3 1.841843797 0.007286437 56.38% Q16678 CP1B1 HUMAN CYPIB1

comp10772_c0_seq1 2.356577732 0.028691864 31.94% O09158 CP3AP MOUSE CYPIIIA25

comp5685_c0_seq1 2.442750577 0.028691864 62.79% P00170 CYB5 HORSE Cytochrome b5

comp23509_c0_seq1 -1.630881966 0.004991782 53.80% Q9I8U0 COX41 THUOB Cytochrome c oxidase subunit IV isoform 1

comp16582_c0_seq1 4.875631647 0.030208222 85.80% Q6NYW6 CLAP2 DANRE Cytoplasmic linker-associated protein 2

comp4194_c0_seq1 2.356577732 0.028691864 64.71% Q92122 KPYK XENLA Cytosolic thyroid hormone-binding protein

comp25176_c0_seq1 -4.439621083 4.78E-07 44.78% P12399 CTL2A MOUSE Cytotoxic T-lymphocyte-associated protein 2-alpha

comp16067_c0_seq1 -6.582051661 4.19E-05 85.56% Q9YHT4 HEM0 DANRE Delta-aminolevulinate synthase 2

comp24510_c0_seq6 3.273561146 0.002037225 71.29% Q642M9 DHDH DANRE Dimeric dihydrodiol dehydrogenase

comp52036_c0_seq1 8.651226505 1.83E-10 63.51% Q5IS50 DPP6 PANTR Dipeptidyl peptidase VI
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comp19400_c0_seq1 3.325108724 0.015164831 66.67% Q6P6J4 ALKB2 MOUSE DNA oxidative demethylase ALKBH2

comp22924_c0_seq1 -2.697620112 0.003146757 96.15% Q91918 RA51A XENLA DNA repair protein RAD51 homolog A

comp132124_c0_seq1 -4.840558724 0.030208222 88.74% A4IF62 RPC1 BOVIN DNA-directed RNA polymerase III subunit A

comp29536_c0_seq1 2.547520269 0.009912305 83.22% Q0III3 DC1I2 BOVIN Dynein intermediate chain 2, cytosolic

comp24105_c0_seq1 1.837467778 0.026346797 53.42% P46939 UTRO HUMAN Dystrophin-related protein 1

comp9016_c0_seq1 5.062120714 0.018350598 97.41% Q8IZP0 ABI1 HUMAN e3B1

comp30099_c0_seq1 1.354887362 0.03313621 91.17% O35709 ENC1 MOUSE Ectoderm-neural cortex protein 1

comp30349_c2_seq1 -2.172808869 0.003384061 86.07% A3KN33 EGFLA BOVIN EGF-like, fibronectin type-III and laminin G-like domain-containing

protein

comp159532_c0_seq1 3.067878542 0.032895184 39.46% Q9NT22 EMIL3 HUMAN Elastin microfibril interface-located protein 5

comp12542_c1_seq1 5.948716629 0.000609972 37.80% P04323 POL3 DROME Endonuclease

comp30173_c0_seq2 4.981467194 3.82E-10 31.91% O94919 ENDD1 HUMAN Endonuclease domain-containing 1 protein

comp27362_c0_seq1 -1.766080155 0.031042528 48.88% B0BTA9 END4 ACTPJ Endonuclease IV

comp158901_c0_seq1 4.875631647 0.030208222 53.05% Q9BVX2 T106C HUMAN Endoplasmic reticulum membrane protein overexpressed in cancer

comp5619_c0_seq1 2.355833338 0.043463332 41.01% Q96J88 ESIP1 HUMAN Epithelial-stromal interaction protein 1

comp26365_c0_seq2 -5.582095447 2.23E-07 35.02% Q9MYZ9 EPOR PIG Erythropoietin receptor

comp32933_c0_seq6 2.579142376 6.97E-05 78.03% A7E2Z9 K132L BOVIN Estrogen-induced gene 121-like protein

comp17892_c0_seq1 2.696955245 0.022432432 92.33% Q5ZMW0 AGO4 CHICK Eukaryotic translation initiation factor 2C 4

comp32782_c1_seq5 1.308191164 0.030694304 70.33% Q90XB6 SULF1 COTCO Extracellular sulfatase Sulf-1
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comp184462_c0_seq1 4.875631647 0.030208222 77.32% Q8TDW7 FAT3 HUMAN FAT tumor suppressor homolog 3

comp32312_c0_seq1 1.571110264 0.018716922 80.21% Q9NZM1 MYOF HUMAN Fer-1-like protein 3

comp28156_c0_seq1 -1.783358249 0.004535566 77.33% P85835 FRIM TRENE Ferritin, middle subunit

comp28231_c0_seq3 -4.840558724 0.030208222 93.33% Q9I931 FUCL1 ANGJA Fucolectin-1

comp83188_c0_seq1 -5.815160203 0.001315716 81.33% Q69ZM6 STK36 MOUSE Fused homolog

comp6620_c0_seq1 -2.979051035 0.002637496 53.33% P40148 OSTCN SPAAU Gamma-carboxyglutamic acid-containing protein

comp15356_c0_seq2 3.438347314 0.010448414 82.32% Q8VHX6 FLNC MOUSE Gamma-filamin

comp28914_c0_seq1 -2.162277157 0.000676908 65.19% Q90303 K1C1 CARAU GK50

comp30410_c0_seq6 1.890946122 0.005499946 95.85% Q38PU3 GRIK2 MACFA Glutamate receptor 6

comp30410_c0_seq5 1.959928729 0.004435615 95.74% P39087 GRIK2 MOUSE Glutamate receptor beta-2

comp29043_c1_seq2 2.217498633 0.001554705 91.80% Q68Y21 GRID2 DANRE Glutamate receptor ionotropic, delta-2

comp22085_c0_seq1 2.356971926 0.016066285 55.65% A7ISW2 QPCT BOIDE Glutaminyl-tRNA cyclotransferase

comp22619_c0_seq1 2.478723042 0.043463332 70.42% B5DFW7 GATC SALSA Glutamyl-tRNA(Gln) amidotransferase subunit C, mitochondrial

comp17604_c0_seq1 2.486758184 0.009912305 58.72% Q3KTM2 GDPD5 CHICK Glycerophosphodiester phosphodiesterase 2

comp5401_c0_seq1 3.067878542 0.032895184 98.68% P22892 AP1G1 MOUSE Golgi adaptor HA1/AP1 adaptin subunit gamma-1

comp30725_c0_seq5 1.503704256 0.023177278 71.67% Q6DWJ6 GP139 HUMAN G-protein-coupled receptor PGR3

comp31400_c0_seq6 2.478723042 0.043463332 48.99% P28798 GRN MOUSE Granulin-7

comp11605_c0_seq1 3.900345321 0.001856422 90.66% Q3UJK4 GTPB2 MOUSE GTP-binding-like protein 2
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comp29280_c0_seq2 2.664881796 6.40E-05 43.93% Q03062 HES5 RAT Hairy and enhancer of split 5

comp28848_c0_seq3 1.745094451 0.0366197 90% Q9W6I1 RBPMS CHICK Heart and RRM expressed sequence

comp17916_c0_seq1 1.835749984 0.03768523 52.25% Q8BQM4 HEAT3 MOUSE HEAT repeat-containing protein 3

comp7562_c0_seq1 1.520761334 0.012284968 99.18% P63018 HSP7C RAT Heat shock 70 kDa protein 8

comp19519_c0_seq1 2.28742044 0.020560272 92.04% O95714 HERC2 HUMAN HECT domain and RCC1-like domain-containing protein 2

comp13297_c0_seq1 -7.276688021 6.99E-07 64.89% Q9HCP6 HHATL HUMAN Hedgehog acyltransferase-like protein

comp11071_c0_seq1 4.875631647 0.030208222 84.29% Q12887 COX10 HUMAN Heme O synthase

comp21648_c0_seq1 2.99252101 0.003378751 75.91% Q03001 DYST HUMAN Hemidesmosomal plaque protein

comp22585_c0_seq1 -3.056519944 1.93E-06 96.50% P80945 HBAA ANGAN Hemoglobin anodic alpha chain

comp16326_c0_seq1 -3.135690383 1.04E-06 93.20% P80946 HBBA ANGAN Hemoglobin anodic beta chain

comp22202_c0_seq1 -4.356955045 1.40E-10 92.31% P80726 HBAC ANGAN Hemoglobin cathodic alpha chain

comp22075_c0_seq1 -4.076638706 1.28E-09 95.89% P80727 HBBC ANGAN Hemoglobin cathodic beta chain

comp28817_c0_seq1 -1.662582818 0.025201208 57.43% O35310 HS3S1 MOUSE Heparan sulfate D-glucosaminyl 3-O-sulfotransferase 1

comp22363_c0_seq3 2.425904331 0.003293283 50% Q8BW74 HLF MOUSE Hepatic leukemia factor

comp27085_c0_seq1 -2.085741797 0.011633216 57.75% Q9R098 HGFA MOUSE Hepatocyte growth factor activator long chain

comp29648_c0_seq2 2.143357315 0.01469224 73.14% P70187 HIAT1 MOUSE Hippocampus abundant transcript 1 protein

comp82442_c0_seq1 3.543340927 0.00510046 80.48% A7YWP4 HUTH BOVIN Histidine ammonia-lyase

comp22001_c0_seq1 4.875631647 0.030208222 92.27% Q80ZH1 HDAC5 CRIGR Histone deacetylase 5

comp24805_c0_seq2 -3.137640015 0.022224599 76% D3ZBN0 H15 RAT Histone H1.5
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comp16481_c0_seq1 2.74366661 0.005616087 68.18% Q6B3N0 HXA5 CHICK Homeobox protein Hox-A5

comp32145_c0_seq1 2.402829441 0.006923777 30.51% Q00657 CSPG4 RAT HSN tumor-specific antigen

comp18009_c0_seq1 2.356577732 0.028691864 58.33% Q9UIF9 BAZ2A HUMAN hWALp3

comp6377_c0_seq1 2.972645112 0.006442511 80.92% A5PMF6 GT251 DANRE Hydroxylysine galactosyltransferase 1

comp32868_c0_seq6 -1.484206746 0.021123176 34.51% P01696 KV15 RABIT Ig kappa chain V region K29-213

comp21407_c0_seq2 -1.438431253 0.022520165 55.94% Q9Z1E3 IKBA MOUSE I-kappa-B-alpha

comp13814_c0_seq1 3.7690126 2.75E-05 75.62% Q8VC12 HUTU MOUSE Imidazolonepropionate hydrolase

comp20355_c0_seq2 -4.840558724 0.030208222 53.33% Q99JY3 GIMA4 MOUSE Immunity-associated protein 4

comp30473_c0_seq5 -1.864072116 0.018157151 41.71% Q32KW9 IIGP5 BOVIN Immunity-related GTPase cinema 1

comp14243_c0_seq1 -2.34057316 0.010115713 85.51% B5XG43 PHLA2 SALSA Imprinted in placenta and liver protein

comp26641_c0_seq2 1.553524362 0.038288234 72.11% Q5F480 ITPK1 CHICK Inositol 1,3,4-trisphosphate 5/6-kinase

comp17819_c0_seq1 1.683491364 0.041191788 79% Q4V8X0 TPRA1 DANRE Integral membrane protein GPR175

comp29306_c2_seq1 1.887466804 0.007004884 59.57% P11688 ITA5 MOUSE Integrin alpha-5 light chain

comp17006_c0_seq1 3.900345321 0.001346857 32.20% P70671 IRF3 MOUSE Interferon regulatory factor 3

comp16980_c0_seq2 2.478723042 0.031127886 68.87% Q91192 MX ONCMY Interferon-inducible Mx protein

comp21395_c0_seq1 7.029363516 7.71E-06 38.38% P55865 CAS1A XENLA Interleukin-1 beta convertase homolog A

comp23087_c0_seq1 2.300290177 0.004293455 56.59% Q90XW6 IRX4A XENLA Iroquois homeobox protein 4-A

comp18957_c0_seq1 2.423324026 0.016066285 88.38% Q08C33 ISOC1 DANRE Isochorismatase domain-containing protein 1
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comp32475_c1_seq1 2.28742044 0.020560272 58.30% Q90Y54 JAG1B DANRE Jagged3

comp23166_c0_seq2 2.463161679 0.006619363 71.59% Q5F363 JARD2 CHICK Jumonji/ARID domain-containing protein 2

comp14314_c0_seq1 3.130934548 0.004789303 57.50% Q9BX67 JAM3 HUMAN Junctional adhesion molecule 3

comp127061_c0_seq1 5.227239479 0.011362034 39.74% P58392 KCNN3 PIG KCa2.3

comp27526_c1_seq1 2.696955245 0.022432432 37.33% Q8VCK5 KLH20 MOUSE Kelch-like ECT2-interacting protein

comp22115_c0_seq1 1.930706492 0.03437437 96.34% Q5U374 KLH12 DANRE Kelch-like protein 12

comp28569_c0_seq2 2.047927815 0.021301268 60.72% Q08CY1 KLH22 XENTR Kelch-like protein 22

comp29031_c0_seq2 2.177223323 0.000265908 82.64% P55016 S12A1 RAT Kidney-specific Na-K-Cl symporter

comp19014_c0_seq1 -6.852471537 1.01E-05 60.32% Q5ZKV8 KIF2A CHICK Kinesin-like protein KIF2A

comp114236_c0_seq1 5.227239479 0.011362034 60% O93257 XRCC6 CHICK Ku autoantigen protein p70 homolog

comp128000_c0_seq1 5.062120714 0.018350598 67.73% Q6ZQ58 LARP1 MOUSE La ribonucleoprotein domain family member 1

comp32476_c0_seq4 1.367486379 0.041968762 72.40% P80147 GABT PIG L-AIBAT

comp4314_c0_seq1 2.356971926 0.016066285 79.46% Q1LVF0 LAMC1 DANRE Laminin subunit gamma-1

comp31680_c1_seq2 -1.526691894 0.012893456 65.08% Q16363 LAMA4 HUMAN Laminin-9 subunit alpha

comp19476_c0_seq3 -1.939933251 0.005673755 72.38% Q92088 CP2M1 ONCMY Lauric acid omega-6-hydroxylase

comp32908_c2_seq1 2.972645112 0.008718892 89.73% Q50L44 LIGO1 CHICK Leucine-rich repeat and immunoglobulin-like domain-containing

nogo receptor-interacting protein 1

comp100476_c0_seq1 -3.137640015 0.022224599 57.59% Q6AXL3 LRC33 DANRE Leucine-rich repeat-containing protein 33

comp101206_c0_seq1 -4.840558724 0.030208222 43.64% O89098 CYTF MOUSE Leukocystatin
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comp12589_c0_seq1 -3.260463825 0.015164831 49.41% Q9UI32 GLSL HUMAN L-glutamine amidohydrolase

comp112459_c0_seq1 4.875631647 0.030208222 74.32% Q3KQW7 LIMC1 XENLA LIM and calponin homology domains-containing protein 1

comp112733_c0_seq1 3.067878542 0.032895184 28.03% Q66HA4 TAXB1 RAT Liver regeneration-related protein LRRG004

comp113735_c0_seq1 5.062120714 0.018350598 88.69% Q5PR61 LMBD1 DANRE LMBR1 domain-containing protein 1

comp12753_c0_seq1 2.356577732 0.028691864 76.30% Q9QUJ7 ACSL4 MOUSE Long-chain acyl-CoA synthetase 4

comp29771_c0_seq2 1.920990557 0.009895118 57.62% Q29RU9 SOX BOVIN L-pipecolic acid oxidase

comp10613_c0_seq1 -4.840558724 0.030208222 33.04% Q9Z1Q3 LY66D MOUSE Lymphocyte antigen 6 complex locus protein G6d

comp16432_c0_seq1 2.571526813 0.003278296 75.07% Q9NRZ7 PLCC HUMAN Lysophosphatidic acid acyltransferase gamma

comp28158_c0_seq3 2.002467548 0.016908681 50% P05300 LAMP1 CHICK Lysosome membrane glycoprotein LEP100

comp112176_c0_seq1 5.062120714 0.018350598 56.19% Q61581 IBP7 MOUSE MAC25 protein

comp15855_c0_seq1 -3.985457585 0.001346857 39.07% Q67EQ1 CLC4E RAT Macrophage-inducible C-type lectin

comp14389_c0_seq1 2.478723042 0.043463332 47.91% Q4V8E5 MFSD3 RAT Major facilitator superfamily domain-containing protein 3

comp8388_c0_seq1 5.062120714 0.018350598 89.24% Q10743 ADA10 RAT Mammalian disintegrin-metalloprotease

comp16815_c0_seq1 2.356971926 0.016066285 56.56% O00462 MANBA HUMAN Mannanase

comp19001_c0_seq1 2.696955245 0.022432432 88.99% P53349 M3K1 MOUSE MAPK/ERK kinase kinase 1

comp4090_c0_seq1 3.325108724 0.022224599 48.24% Q9Y2U5 M3K2 HUMAN MAPK/ERK kinase kinase 2

comp22156_c0_seq2 -2.286885023 0.020560272 48.48% P80931 MCT1A SHEEP Mast cell protease 1A

comp22245_c0_seq1 -3.027991033 0.000266473 55.77% P33435 MMP13 MOUSE Matrix metalloproteinase-13
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comp16471_c0_seq2 1.792020302 0.0366197 93.01% Q9NVD7 PARVA HUMAN Matrix-remodeling-associated protein 2

comp25274_c0_seq1 -1.334433604 0.038742528 89.96% Q561X3 MED4 DANRE Mediator complex subunit 4

comp5345_c0_seq1 3.438347314 0.010448414 40.82% Q8R2Y2 MUC18 MOUSE Melanoma-associated antigen MUC18

comp124352_c0_seq1 2.591961632 0.031127886 65.29% Q9R0S3 MMP17 MOUSE Membrane-type-4 matrix metalloproteinase

comp100626_c0_seq1 5.745854795 0.001968051 47.69% Q9Z1W6 LYRIC RAT Metastasis adhesion protein

comp30931_c0_seq4 2.833084935 0.000240309 27.25% P13749 1A04 PANTR MHC class I antigen Patr-A*0401

comp24374_c1_seq1 2.049774634 0.022728023 62.57% P07099 HYEP HUMAN Microsomal epoxide hydrolase

comp25661_c0_seq1 1.784681921 0.021257409 62.60% Q91ZU6 DYST MOUSE Microtubule actin cross-linking factor 2

comp30318_c0_seq2 1.752049082 0.028598514 86.70% Q6P0Q8 MAST2 HUMAN Microtubule-associated serine/threonine-protein kinase 2

comp26532_c0_seq1 1.390574987 0.026694543 68.63% Q62767 DUS4 RAT Mitogen-activated protein kinase phosphatase 2

comp16293_c0_seq1 2.741042959 0.001350736 37.53% Q8NB16 MLKL HUMAN Mixed lineage kinase domain-like protein

comp20239_c1_seq1 -2.088895942 0.012418765 41.58% P56489 ACM1 MACMU Muscarinic acetylcholine receptor M1

comp26860_c0_seq1 1.854078184 0.013829792 88.66% P12115 KAD1 CYPCA Myokinase

comp24255_c0_seq1 2.739195293 0.000246569 85.75% O42222 GDF8 DANRE Myostatin-B

comp16561_c0_seq2 3.641209148 0.007266956 85.66% Q7TT49 MRCKB RAT Myotonic dystrophy kinase-related CDC42-binding kinase beta

comp14684_c0_seq1 1.930706492 0.027921966 47.76% Q8C6L5 CGAS MOUSE NA

comp25782_c0_seq1 -1.384092954 0.034611007 49.66% Q3V2Q8 N42L1 MOUSE NEDD4-binding protein 2-like 1

comp20845_c0_seq1 -1.488312865 0.046141548 68.12% O75293 GA45B HUMAN Negative growth regulatory protein MyD118
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comp24862_c0_seq1 1.689417012 0.039009847 86.78% Q9DB05 SNAA MOUSE N-ethylmaleimide-sensitive factor attachment protein alpha

comp24473_c0_seq1 -2.442742163 0.006619363 71.58% Q6NZ13 NBL1 DANRE Neuroblastoma suppressor of tumorigenicity 1

comp31943_c0_seq1 2.154148657 0.002112764 56.02% Q5R482 LRRN3 PONAB Neuronal leucine-rich repeat protein 3

comp6929_c0_seq1 2.143357315 0.01469224 84.85% P07323 ENOG RAT Neuron-specific enolase

comp32394_c0_seq3 1.935002607 0.005046001 68.83% Q8QFX6 NRP1A DANRE Neuropilin-1a

comp6514_c0_seq1 4.568048695 1.77E-07 82.67% Q91009 NTRK1 CHICK Neurotrophic tyrosine kinase receptor type 1

comp29679_c0_seq2 -1.948236988 0.005249782 58.65% Q8TET4 GANC HUMAN Neutral alpha-glucosidase C

comp17553_c0_seq1 2.696955245 0.022432432 54.90% O70572 NSMA MOUSE Neutral sphingomyelinase

comp31877_c0_seq2 1.870208698 0.009895118 42.19% Q06AV1 NNMT PIG Nicotinamide N-methyltransferase

comp115508_c0_seq1 -5.026895968 0.018350598 86.98% P51955 NEK2 HUMAN NimA-like protein kinase 1

comp15957_c0_seq1 -3.260463825 0.015164831 50% Q9Y2I6 NINL HUMAN Ninein-like protein

comp4986_c0_seq1 5.062120714 0.018350598 77.37% Q61982 NOTC3 MOUSE Notch 3 intracellular domain

comp22623_c0_seq1 2.079102519 0.011633216 57.67% Q7L804 RFIP2 HUMAN NRip11

comp13444_c0_seq1 2.478723042 0.043463332 93.99% Q6DI37 UBCP1 DANRE Nuclear proteasome inhibitor UBLCP1

comp30712_c0_seq2 2.696955245 0.022432432 71.55% Q78ZA7 NP1L4 MOUSE Nucleosome assembly protein 1-like 4

comp25848_c0_seq1 1.897377177 0.018157151 59.84% Q5RB75 NUDC3 PONAB NudC domain-containing protein 3

comp18540_c0_seq1 2.74366661 0.007288118 52.08% Q98892 OBCAM CHICK OBCAM protein gamma isoform

comp29516_c0_seq2 1.609065229 0.019964523 37.38% P14381 YTX2 XENLA ORF 2
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comp26381_c0_seq2 1.46266939 0.02640684 45.56% Q9ESM6 GDPD2 MOUSE Osteoblast differentiation promoting factor

comp19270_c0_seq1 -3.826971074 3.28E-05 60.22% Q5ZKK5 ODFP2 CHICK Outer dense fiber of sperm tails protein 2

comp15681_c0_seq2 -5.011815662 7.60E-06 52.98% Q3TZ65 OD3L2 MOUSE Outer dense fiber protein 3-like protein 2

comp20740_c0_seq1 -2.195667599 0.038246765 83.27% P49739 MCM3M XENLA p100

comp102707_c0_seq1 4.875631647 0.030208222 85.27% Q86VP6 CAND1 HUMAN p120 CAND1

comp104129_c0_seq1 4.875631647 0.030208222 74.75% O77819 ROCK1 RABIT p160 ROCK-1

comp20813_c0_seq2 2.33058089 0.000727166 32.82% Q80YF6 UPK3B MOUSE p35

comp25341_c0_seq1 1.827378731 0.014672232 72.13% Q4QQM4 P5I11 MOUSE p53-induced gene 11 protein

comp28612_c0_seq1 1.360230302 0.042717634 22.75% P22934 TNR1A RAT p60

comp14385_c0_seq3 5.509726501 0.004586639 48.39% Q60997 DMBT1 MOUSE p80

comp31781_c0_seq2 4.875631647 0.030208222 67.06% O43439 MTG8R HUMAN p85

comp101084_c0_seq1 5.062120714 0.018350598 37.31% O02751 CFDP2 BOVIN p97 bucentaur protein

comp25288_c0_seq1 1.930706492 0.042402388 60.10% Q86VP3 PACS2 HUMAN PACS1-like protein

comp14385_c0_seq1 8.023830935 1.63E-08 43.50% Q8CIZ5 DMBT1 RAT Pancrin

comp9522_c0_seq1 2.478723042 0.043463332 61.37% Q8TEW0 PARD3 HUMAN PAR3-alpha

comp4498_c0_seq2 6.786294749 2.32E-05 39.27% Q8IXS6 PALM2 HUMAN Paralemmin-2

comp24181_c0_seq1 2.278693176 0.003457623 79.08% Q8WY54 PPM1E HUMAN Partner of PIX-alpha

comp3191_c0_seq1 3.067878542 0.032895184 68.57% Q5RDS0 PLPL6 PONAB Patatin-like phospholipase domain-containing protein 6
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comp18320_c0_seq1 1.909694104 0.038536222 66.09% Q503I8 NGLY1 DANRE Peptide:N-glycanase

comp30896_c0_seq4 1.693069764 0.028313512 54.23% Q80VR3 ST1C1 MOUSE Phenol sulfotransferase

comp114993_c0_seq1 5.948716629 0.000890627 62.99% O46606 DDHD1 BOVIN Phosphatidic acid-preferring phospholipase A1

comp30144_c0_seq7 -1.187077322 0.04452482 29.82% P39823 PSS BACSU Phosphatidylserine synthase

comp22029_c0_seq1 2.571526813 0.003278296 68.18% Q6VY07 PACS1 HUMAN Phosphofurin acidic cluster sorting protein 1

comp25531_c1_seq1 -2.658629413 0.000167674 78.57% Q8TDX5 ACMSD HUMAN Picolinate carboxylase

comp10159_c0_seq1 5.745854795 0.001968051 43.97% O60664 PLIN3 HUMAN Placental protein 17

comp23632_c0_seq5 2.601040012 0.012439364 30.21% Q08481 PECA1 MOUSE Platelet endothelial cell adhesion molecule

comp32472_c1_seq2 1.610647972 0.020660645 66.30% P13698 PDGFA XENLA Platelet-derived growth factor alpha polypeptide

comp154444_c0_seq1 -5.339946503 0.007160143 56.95% B1WBU8 PLHD1 RAT Pleckstrin homology domain-containing family D member 1

comp32544_c0_seq3 1.749577258 0.011628001 82.08% Q28165 PABP2 BOVIN Polyadenylate-binding nuclear protein 1

comp24319_c0_seq4 -1.866922461 0.009372355 67.88% Q9NWM0 SMOX HUMAN Polyamine oxidase 1

comp23668_c0_seq3 2.301175101 0.012556805 76.55% Q90ZE4 PSN2 DANRE Pre2

comp32024_c0_seq3 1.481181199 0.04971072 64.90% Q96CX2 KCD12 HUMAN Predominantly fetal expressed T1 domain

comp12870_c1_seq1 9.45496239 6.17E-14 29.78% Q8C160 MSLNL MOUSE Pre-pro-megakaryocyte-potentiating-factor-like

comp32632_c0_seq3 1.513423804 0.044374406 64.80% Q96BI3 APH1A HUMAN Presenilin-stabilization factor

comp30524_c0_seq1 1.340856444 0.041971498 70.02% P33908 MA1A1 HUMAN Processing alpha-1,2-mannosidase IA

comp31169_c1_seq1 -1.592106733 0.008557887 91.19% P58368 ANKHB DANRE Progressive ankylosis protein homolog B
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comp15675_c0_seq1 1.777443927 0.04572977 50.79% Q9BZD6 TMG4 HUMAN Proline-rich gamma-carboxyglutamic acid protein 4

comp27768_c0_seq1 1.475462576 0.020578249 60.55% Q28691 PE2R4 RABIT Prostanoid EP4 receptor

comp30949_c0_seq1 1.372389848 0.029222294 65.58% P28063 PSB8 MOUSE Proteasome subunit beta-5i

comp18537_c0_seq1 3.273561146 0.002693587 53.28% Q9H8H3 MET7A HUMAN Protein AAM-B

comp14045_c0_seq1 3.067878542 0.032895184 85.77% O75592 MYCB2 HUMAN Protein associated with Myc

comp12438_c0_seq1 -5.191895737 0.011362034 67.39% Q96G01 BICD1 HUMAN Protein bicaudal D homolog 1

comp20832_c0_seq1 1.71535819 0.014289395 75.27% Q9P2K9 PTHD2 HUMAN Protein dispatched homolog 3

comp5128_c0_seq1 -5.339946503 0.007160143 48.72% Q6PGN1 F132B MOUSE Protein FAM132B

comp16633_c0_seq1 4.249733085 0.0005373 52.85% Q86VR2 F134C HUMAN Protein FAM134C

comp26675_c0_seq1 -1.461956771 0.026793868 64.14% Q8N2R8 FA43A HUMAN Protein FAM43A

comp13888_c0_seq1 2.264928931 0.038246765 52.85% Q99943 PLCA HUMAN Protein G15

comp32862_c0_seq2 1.220157961 0.037351306 80.45% Q8R1F6 HID1 MOUSE Protein hid-1 homolog

comp129974_c0_seq1 4.875631647 0.030208222 52.50% Q98TX3 PDCD4 CHICK Protein I11/6

comp31662_c0_seq3 -1.332020987 0.037468164 27.46% Q8ND71 GIMA8 HUMAN Protein IanT

comp25808_c0_seq1 -1.701610283 0.008047697 67.29% Q8WUJ3 K1199 HUMAN Protein KIAA1199

comp28906_c0_seq5 5.509726501 0.004586639 99% Q9UBE8 NLK HUMAN Protein LAK1

comp92213_c0_seq1 -3.576418421 0.00510046 42.86% Q54HX8 CDIP1 DICDI Protein LITAF homolog

comp12357_c0_seq1 3.067878542 0.032895184 86.73% Q00IB7 PKHH1 DANRE Protein max-1 homolog
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comp30781_c0_seq1 -1.201709455 0.037114185 76.17% A4IIK7 NDNF XENTR Protein NDNF

comp4502_c0_seq1 2.442750577 0.028691864 72.36% Q4R4V2 PPM1G MACFA Protein phosphatase 1G

comp5333_c0_seq1 2.919731999 0.049179048 91.46% O62829 PPM1A BOVIN Protein phosphatase 2C isoform alpha

comp25306_c0_seq1 1.752049082 0.028598514 58.11% O14974 MYPT1 HUMAN Protein phosphatase myosin-binding subunit

comp22667_c0_seq1 2.699090202 4.51E-05 72.41% Q45TX8 RIC8A XENLA Protein Ric-8A

comp30672_c0_seq3 -2.187214374 0.001464017 53.12% Q3UPR0 SHSA3 MOUSE Protein shisa-3 homolog

comp11738_c0_seq1 5.227239479 0.011362034 73.30% Q7Z5N4 SDK1 HUMAN Protein sidekick-1

comp128088_c0_seq1 4.875631647 0.030208222 83.83% Q9Y3B1 SLMO2 HUMAN Protein slowmo homolog 2

comp23762_c0_seq1 1.353813956 0.040356179 98.23% P61220 EIF1B PIG Protein translation factor SUI1 homolog GC20

comp22278_c0_seq1 1.393301828 0.043690146 89.92% Q5XJP1 TSSC1 DANRE Protein TSSC1

comp24746_c0_seq1 1.849800062 0.009084918 68.35% Q6P1U2 TTYH2 XENTR Protein tweety homolog 2

comp10860_c0_seq1 3.543340927 0.007266956 80% Q13136 LIPA1 HUMAN Protein tyrosine phosphatase receptor type f polypeptide-interacting

protein alpha-1

comp4386_c0_seq1 3.325108724 0.015164831 76.85% Q14517 FAT1 HUMAN Protocadherin Fat 1, nuclear form

comp30698_c1_seq3 2.141795781 0.003931179 44.85% Q9Y5F6 PCDGM HUMAN Protocadherin gamma-C5

comp4389_c0_seq1 -3.135843131 0.003581399 64.87% Q8TAB3 PCD19 HUMAN Protocadherin-19

comp24132_c0_seq1 2.168432644 0.002832069 55.72% P06276 CHLE HUMAN Pseudocholinesterase

comp31327_c0_seq3 1.566343627 0.012945262 75.51% Q91901 PHS XENLA Pterin carbinolamine dehydratase

comp30494_c2_seq8 1.379148489 0.039360367 79.37% Q61990 PCBP2 MOUSE Putative heterogeneous nuclear ribonucleoprotein X
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comp19351_c0_seq1 2.002467548 0.016908681 24.77% Q6ZVW7 I17EL HUMAN Putative interleukin-17 receptor E-like

comp32569_c5_seq1 1.468772913 0.026045369 50.87% A8MWL6 SNG2L HUMAN Putative synaptogyrin-2 like protein

comp32148_c0_seq8 1.702862395 0.025201208 66.04% Q68FT3 PYRD2 RAT Pyridine nucleotide-disulfide oxidoreductase domain-containing protein 2

comp21678_c0_seq1 -1.610088581 0.015391021 77.88% Q9EQZ7 RIMS2 MOUSE Rab-3-interacting protein 2

comp15496_c0_seq1 2.356971926 0.016066285 39.29% Q9D620 RFIP1 MOUSE Rab-coupling protein

comp32331_c0_seq4 1.770874277 0.007654735 81.85% Q6P112 RGL1 DANRE Ral guanine nucleotide dissociation stimulator-like 1

comp19523_c1_seq1 1.708834337 0.026763663 72.02% Q15311 RBP1 HUMAN Ral-interacting protein 1

comp30135_c0_seq1 -1.442926281 0.014980606 61.09% Q9NS23 RASF1 HUMAN Ras association domain-containing protein 1

comp22207_c0_seq1 2.402829441 0.006923777 99.53% Q5R8Z8 RAB14 PONAB Ras-related protein Rab-14

comp18471_c0_seq1 2.049774634 0.022728023 88.80% Q5U316 RAB35 RAT Ras-related protein Rab-35

comp30930_c2_seq7 2.079811468 0.00257351 79.19% P62824 RAB3C RAT Ras-related protein Rab-3C

comp2416_c0_seq1 4.875631647 0.030208222 77.23% A4IFW2 PTPRF DANRE Receptor-type tyrosine-protein phosphatase F

comp25668_c0_seq2 2.303639082 0.001097054 81.34% Q64605 PTPRS RAT Receptor-type tyrosine-protein phosphatase sigma

comp31029_c0_seq2 1.974167052 0.00322118 66.75% Q7Z4S6 KI21A HUMAN Renal carcinoma antigen NY-REN-62

comp29853_c0_seq1 1.786932195 0.007794231 51.67% P39059 COFA1 HUMAN Restin

comp5235_c0_seq1 2.478723042 0.031127886 37.50% Q6Q899 DDX58 MOUSE Retinoic acid-inducible gene I protein

comp15089_c0_seq1 1.825076478 0.013829792 26.22% P21329 RTJK DROFU Reverse transcriptase

comp30888_c4_seq1 2.661867212 0.003931896 88.82% P15882 CHIN HUMAN Rho GTPase-activating protein 2
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comp25613_c0_seq2 2.052320702 0.030633943 57.87% Q8N1W1 ARG28 HUMAN Rho guanine nucleotide exchange factor

comp32599_c0_seq5 1.781977718 0.004877463 84.89% Q6GMF8 RHDF1 DANRE Rhomboid family member 1

comp32105_c0_seq1 -2.531654947 0.012439364 66.15% Q7Z5H3 RHG22 HUMAN Rho-type GTPase-activating protein 22

comp21333_c0_seq1 -3.043032016 0.000100207 40.76% P02752 RBP CHICK Riboflavin-binding protein, yolk minor form

comp20820_c0_seq1 2.411161143 0.005376635 75.74% Q3T114 UK114 BOVIN Ribonuclease UK114

comp19964_c0_seq1 1.930706492 0.027921966 88.63% P79732 RIR1 DANRE Ribonucleotide reductase protein R1 class I

comp29059_c1_seq2 -1.505900581 0.017214238 84.23% Q8QFX1 RIMB2 CHICK RIMS-binding protein 2

comp28965_c0_seq1 -1.237618309 0.046307623 66.94% Q92597 NDRG1 HUMAN Rit42

comp83022_c0_seq1 2.591961632 0.031127886 60.71% Q5R4R4 LS14A PONAB RNA-associated protein 55A

comp25696_c0_seq1 2.083650452 0.011832046 75.12% Q66H68 RBM47 RAT RNA-binding motif protein 47

comp32185_c1_seq7 -2.747800375 0.002526649 88.26% Q92841 DDX17 HUMAN RNA-dependent helicase p72

comp32811_c1_seq1 -1.368151381 0.026089621 68.91% P48820 RBP2 BOVIN Rotamase

comp31905_c1_seq1 1.577599648 0.020443643 55.19% Q9HCK4 ROBO2 HUMAN Roundabout homolog 2

comp101170_c0_seq1 3.325108724 0.015164831 63.48% Q8N2Y8 RUSC2 HUMAN RUN and SH3 domain-containing protein 2

comp31240_c1_seq4 1.499742511 0.016317015 66.79% P79896 ADHX SPAAU S-(hydroxymethyl)glutathione dehydrogenase

comp22265_c0_seq2 -3.664642959 4.15E-07 34.12% Q2EN75 S10A6 PIG S100 calcium-binding protein A6

comp21046_c0_seq2 5.632616204 0.001968051 90.57% Q96HN2 SAHH3 HUMAN S-adenosylhomocysteine hydrolase-like protein 2

comp15217_c0_seq1 3.97732023 0.001856422 75.34% Q7TQ48 SRCA MOUSE Sarcalumenin
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comp103043_c0_seq1 -2.067353763 0.034012526 91.87% Q96KR7 PHAR3 HUMAN Scaffold-associated PP1-inhibiting protein

comp91506_c0_seq1 2.264928931 0.038246765 87.70% Q4H4B6 SCRIB DANRE Scribble1

comp113629_c0_seq1 2.478723042 0.043463332 55.32% O15027 SC16A HUMAN SEC16 homologA

comp32764_c0_seq1 3.20221902 0.022224599 79.80% O94855 SC24D HUMAN SEC24-related protein D

comp85306_c0_seq1 3.20221902 0.022224599 68.10% Q5R4F4 SC31A PONAB SEC31-related protein A

comp30205_c1_seq1 -1.670172586 0.00895156 96.30% O08967 CYH3 MOUSE SEC7 homolog C

comp26063_c0_seq1 -3.003378287 0.032895184 39.30% Q80Z19 MUC2 MOUSE Secreted gel-forming mucin

comp32504_c0_seq3 2.264928931 0.038246765 54.97% P98154 IDD MOUSE Seizure-related membrane-bound adhesion protein

comp28476_c0_seq1 1.708834337 0.026763663 76.77% O43157 PLXB1 HUMAN Semaphorin receptor SEP

comp9764_c0_seq1 3.325108724 0.015164831 52.11% O95025 SEM3D HUMAN Semaphorin-3D

comp19226_c0_seq1 1.708834337 0.034663943 94.27% Q5ZMH1 2-Sep CHICK Septin-2

comp66335_c0_seq1 4.368801227 0.000172893 45.38% P07146 TRY2 MOUSE Serine protease 2

comp30901_c0_seq4 -1.416931654 0.03018723 61.79% A5PJK0 SPB10 BOVIN Serpin B10

comp20871_c0_seq1 -2.094369104 0.007659653 55.56% Q90952 PON2 CHICK Serum aryldialkylphosphatase 2

comp94275_c0_seq1 2.356577732 0.028691864 62.67% Q9NZM3 ITSN2 HUMAN SH3P18-like WASP-associated protein

comp11931_c0_seq1 5.227239479 0.011362034 42.11% A0MZ67 SHOT1 RAT Shootin-1

comp21834_c1_seq1 1.945736026 0.021301268 49.38% Q9WVL2 STAT2 MOUSE Signal transducer and activator of transcription 2

comp30042_c1_seq2 1.793947315 0.009248901 90.67% Q6DV79 STAT3 CHICK Signal transducer and activator of transcription 3
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comp31727_c1_seq5 2.262313028 0.000994492 28.48% Q18PI6 SLAF5 MOUSE Signaling lymphocytic activation molecule 5

comp100388_c0_seq1 4.875631647 0.030208222 47.41% Q61079 SIM2 MOUSE SIM transcription factor

comp149546_c0_seq1 3.438347314 0.010448414 63.86% P25391 LAMA1 HUMAN S-laminin subunit alpha

comp93488_c0_seq1 3.20221902 0.022224599 35.02% O35182 SMAD6 MOUSE SMAD family member 6

comp29478_c0_seq5 1.900425302 0.014209365 39.56% Q8MIZ1 CXL10 MACMU Small-inducible cytokine B10

comp7146_c0_seq1 5.948716629 0.000890627 97.79% Q5SP90 PP4R3 DANRE SMEK homolog 1

comp31661_c0_seq11 2.055343912 0.002382787 57.35% Q2VL90 C163A PIG Soluble CD163

comp74797_c0_seq1 3.97732023 0.001346857 86.47% P20595 GCYB1 RAT Soluble guanylate cyclase small subunit

comp32494_c0_seq6 1.412982017 0.018757922 79.14% Q6YC49 S35A3 BOVIN Solute carrier family 35 member A3

comp31507_c0_seq4 1.319535569 0.044512044 61.75% Q8NBS3 S4A11 HUMAN Solute carrier family 4 member 11

comp32267_c0_seq1 1.84228921 0.005438848 85.35% Q9GL77 S4A4 BOVIN Solute carrier family 4 member 4

comp32151_c2_seq2 1.291875161 0.045726021 74.41% Q0VCM6 LAT4 BOVIN Solute carrier family 43 member 2

comp13497_c0_seq1 1.640291639 0.043189161 58.66% Q0P5V9 S45A4 MOUSE Solute carrier family 45 member 4

comp30129_c1_seq3 1.211934294 0.047100724 53.97% A1L1P9 S47A1 DANRE Solute carrier family 47 member 1

comp32509_c0_seq2 1.185629397 0.048125329 62.15% Q5BKR2 SL9B2 MOUSE Solute carrier family 9 subfamily B member 2

comp50928_c0_seq1 1.792020302 0.031042528 86.91% Q5RID7 SNX17 DANRE Sorting nexin-17

comp21518_c0_seq1 2.711205835 0.000310685 73.51% Q92563 TICN2 HUMAN SPARC/osteonectin, CWCV, and Kazal-like domains proteoglycan 2

comp29703_c0_seq2 3.039338667 4.85E-05 61.33% Q8BKV0 TICN3 MOUSE SPARC/osteonectin, CWCV, and Kazal-like domains proteoglycan 3
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comp18134_c0_seq1 5.632616204 0.002983188 98.78% Q01082 SPTB2 HUMAN Spectrin, non-erythroid beta chain 1

comp17542_c1_seq1 4.875631647 0.030208222 61.40% Q9JIA7 SPHK2 MOUSE Sphingosine kinase 2

comp17498_c0_seq2 2.056055893 0.043959046 61.34% Q90WG2 SPINW CHICK Spindlin-W

comp10316_c0_seq1 1.930706492 0.03437437 61.07% Q7Z699 SPRE1 HUMAN Sprouty-related, EVH1 domain-containing protein 1

comp25460_c0_seq4 2.886472268 0.011872519 79.50% Q8NCJ5 SPRY3 HUMAN SPRY domain-containing protein 3

comp26271_c2_seq1 5.632616204 0.002983188 54.96% Q60417 SCRB1 CRIGR SR-BI

comp31783_c0_seq3 -1.324705184 0.027166837 64.23% Q99469 STAC HUMAN Src homology 3 and cysteine-rich domain-containing protein

comp25067_c0_seq1 3.102507051 0.001627121 61.54% B9VTT2 RHG07 CANFA StAR-related lipid transfer protein 12

comp32767_c0_seq2 1.641968334 0.041191788 76.33% Q13586 STIM1 HUMAN Stromal interaction molecule 1

comp24353_c0_seq1 -1.602529083 0.030447594 82.26% B2ZFP3 SMAL1 DANRE Sucrose nonfermenting protein 2-like 1

comp32391_c0_seq4 2.482925208 0.000489862 85.59% Q09427 ABCC8 CRICR Sulfonylurea receptor 1

comp150705_c0_seq1 4.875631647 0.030208222 89.78% Q9UMX1 SUFU HUMAN Suppressor of fused homolog

comp21057_c1_seq1 2.13737042 0.034012526 69.06% Q9Y561 LRP12 HUMAN Suppressor of tumorigenicity 7 protein

comp31941_c0_seq8 1.909694104 0.048594139 95.70% Q96GM5 SMRD1 HUMAN SWI/SNF complex 60 kDa subunit

comp114011_c0_seq1 5.227239479 0.011362034 60.47% Q9D687 S6A19 MOUSE System B(0) neutral amino acid transporter AT1

comp4884_c0_seq1 2.478723042 0.043463332 62.30% Q99624 S38A3 HUMAN System N amino acid transporter 1

comp32053_c4_seq1 1.569573937 0.024589243 77.82% Q5SPB1 S38A2 DANRE System N amino acid transporter 2

comp111821_c0_seq1 3.067878542 0.032895184 64.32% Q6P132 TXB1B DANRE Tax1-binding protein 1 homolog B
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comp10127_c0_seq1 4.875631647 0.030208222 67.13% Q62392 PHLA1 MOUSE T-cell death-associated gene 51 protein

comp2587_c0_seq1 4.875631647 0.030208222 80.95% Q12968 NFAC3 HUMAN T-cell transcription factor NFAT4

comp30503_c0_seq1 2.14328244 0.002370936 64.37% P10039 TENA CHICK Tenascin-C

comp8780_c0_seq1 2.591961632 0.031127886 74.06% Q04205 TENS CHICK Tensin

comp12417_c0_seq1 1.991468577 0.03437437 65.55% Q63HR2 TENC1 HUMAN Tensin-2

comp17292_c0_seq1 3.067878542 0.032895184 81.08% Q9DBA9 TF2H1 MOUSE TFIIH basal transcription factor complex p62 subunit

comp19263_c0_seq1 2.13737042 0.043959046 61.03% Q6IE75 BACE2 RAT Theta-secretase

comp22229_c2_seq1 3.067878542 0.032895184 68.63% O60779 S19A2 HUMAN Thiamine carrier 1

comp30253_c0_seq1 2.07535211 0.00870566 40.72% Q7TN22 TXD16 MOUSE Thioredoxin domain-containing protein 16

comp92068_c0_seq1 -5.815160203 0.001968051 94.40% Q8JGW0 TSP4B DANRE Thrombospondin-4-B

comp9772_c0_seq1 5.227239479 0.011362034 86.84% A2VCZ5 MD13L DANRE Thyroid hormone receptor-associated protein complex 240 kDa

component-like protein

comp6292_c0_seq1 2.478723042 0.043463332 74.87% O73746 TIMP3 XENLA Tissue inhibitor of metalloproteinases 3

comp29584_c1_seq2 2.13737042 0.034012526 99.33% Q9UPN3 MACF1 HUMAN Trabeculin-alpha

comp21217_c0_seq1 2.356577732 0.028691864 76.29% Q9Y5Q9 TF3C3 HUMAN Transcription factor IIIC subunit gamma

comp17601_c0_seq1 2.442750577 0.021618384 65.59% Q9NZI7 UBIP1 HUMAN Transcription factor LBP-1

comp21214_c0_seq1 3.641209148 0.003611424 67.01% Q9GZV5 WWTR1 HUMAN Transcriptional coactivator with PDZ-binding motif

comp31633_c4_seq1 2.591961632 0.031127886 100% Q6PH57 GBB1 DANRE Transducin beta chain 1

comp31993_c2_seq3 1.666248713 0.010477565 44.23% Q5RDH6 TFR1 PONAB Transferrin receptor protein 1



- 138 -

comp25503_c0_seq1 1.930706492 0.027921966 88.54% Q6Y685 TACC1 MOUSE Transforming acidic coiled-coil-containing protein 1

comp30181_c0_seq2 1.603888819 0.041236249 74.42% P17247 TGFB2 XENLA Transforming growth factor beta-2

comp4038_c0_seq1 -4.840558724 0.030208222 38.01% O43548 TGM5 HUMAN Transglutaminase-5

comp15372_c0_seq1 2.696955245 0.022432432 73.66% Q9D4D4 TKTL2 MOUSE Transketolase-like protein 2

comp6531_c0_seq1 2.423324026 0.012597795 64.04% Q924Z4 CERS2 MOUSE Translocating chain-associating membrane protein homolog 3

comp13354_c0_seq1 5.509726501 0.004586639 95.10% Q5F3A1 SEC62 CHICK Translocation protein 1

comp13703_c0_seq1 -1.981826812 0.038536222 69.60% Q5TGY1 TMCO4 HUMAN Transmembrane and coiled-coil domain-containing protein 4

comp28824_c0_seq3 2.571526813 0.002734387 72.56% Q8IUR5 TMTC1 HUMAN Transmembrane and TPR repeat-containing protein 1

comp4484_c0_seq1 3.130934548 0.003581399 46.36% Q8K467 TMIE MOUSE Transmembrane inner ear expressed protein

comp10068_c0_seq1 4.875631647 0.030208222 77.98% Q6NUQ4 TM214 HUMAN Transmembrane protein 214

comp84419_c0_seq1 2.478723042 0.043463332 76.40% Q9CR23 TMEM9 MOUSE Transmembrane protein 9

comp28818_c0_seq1 1.742585613 0.030447594 76.06% Q8IWB9 TEX2 HUMAN Transmembrane protein 96

comp30947_c0_seq1 -1.494125255 0.013525772 56.32% O42204 ITM2B CHICK Transmembrane protein E3-16

comp15218_c0_seq1 5.227239479 0.011362034 41.49% Q15643 TRIPB HUMAN Trip230

comp62891_c0_seq1 -6.852471537 1.32E-05 45.45% Q14142 TRI14 HUMAN Tripartite motif-containing protein 14

comp29867_c0_seq4 1.281170736 0.041971498 45.28% Q9ESN2 TRI39 MOUSE Tripartite motif-containing protein 39

comp29984_c0_seq3 -2.477380499 0.00782628 53.85% Q6GQ53 PUSL1 XENLA tRNA-uridine isomerase-like 1

comp30209_c0_seq1 -1.632249535 0.008795038 34.83% P19939 APOC1 RAT Truncated apolipoprotein C-I
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comp27111_c0_seq1 -1.563041449 0.010278218 50.93% O43570 CAH12 HUMAN Tumor antigen HOM-RCC-3.1.3

comp23903_c0_seq1 2.264928931 0.038246765 73.62% Q9BY67 CADM1 HUMAN Tumor suppressor in lung cancer 1

comp13522_c0_seq1 -2.92302385 0.002637496 40.80% Q99JW5 EPCAM MOUSE Tumor-associated calcium signal transducer 1

comp101541_c0_seq1 5.375386023 0.007160143 87.22% Q9Z329 ITPR2 MOUSE Type 2 inositol 1,4,5-trisphosphate receptor

comp24651_c0_seq1 2.53365355 0.001508119 63.04% Q08345 DDR1 HUMAN Tyrosine-protein kinase CAK

comp30917_c6_seq1 1.964584388 0.009734004 51.88% Q2IBG7 MET EULMM Tyrosine-protein kinase Met

comp32779_c0_seq1 -3.260463825 0.015164831 72.60% Q24562 U2AF2 DROME U2 snRNP auxiliary factor large subunit

comp24268_c0_seq1 -1.218886216 0.034199413 67.94% P09936 UCHL1 HUMAN Ubiquitin thioesterase L1

comp27979_c0_seq1 4.748064026 2.25E-07 60.11% Q8NFL0 B3GN7 HUMAN UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 7

comp25290_c0_seq1 1.333993102 0.040875022 82.34% Q5R7B3 UGDH PONAB UDP-glucose 6-dehydrogenase

comp21271_c0_seq1 1.637640095 0.032195117 94.24% Q6GMI9 UXS1 DANRE UDP-glucuronate decarboxylase 1

comp31867_c1_seq10 1.702862395 0.019780764 58.09% P36510 UD2A1 RAT UGT-OLF

comp20597_c0_seq1 1.696590801 0.031042528 53.48% Q5R4M2 ULK4 PONAB Unc-51-like kinase 4

comp20624_c0_seq1 -2.189445322 0.005498217 61.46% Q86TY3 CN037 HUMAN Uncharacterized protein C14orf37

comp15562_c0_seq1 2.423324026 0.012597795 51.54% Q827I4 Y6940 STRAW UPF0317 protein SAV_6940

comp103200_c0_seq1 4.875631647 0.030208222 71.92% Q6IND6 CC037 XENLA UPF0361 protein C3orf37 homolog

comp16086_c1_seq1 -5.026895968 0.018350598 66.67% Q6ZVL6 K154L HUMAN UPF0606 protein KIAA1549L

comp13872_c0_seq1 2.478723042 0.043463332 94.95% Q805F9 DDB1 CHICK UV-damaged DNA-binding factor
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comp106930_c0_seq1 5.375386023 0.007160143 64.36% Q8BX70 VP13C MOUSE Vacuolar protein sorting-associated protein 13C

comp13330_c0_seq2 -4.785063534 1.84E-05 74.58% Q9CR51 VATG1 MOUSE Vacuolar proton pump subunit G 1

comp17423_c0_seq3 5.062120714 0.018350598 81.38% Q80Z96 VANG1 MOUSE Van Gogh-like protein 1

comp32549_c0_seq13 2.696955245 0.022432432 87.50% Q9Z269 VAPB RAT Vesicle-associated membrane protein-associated protein B

comp7089_c0_seq1 3.641209148 0.00510046 91.04% Q5XHF8 VIP2 XENLA VIP1 homolog 2

comp7276_c0_seq1 -3.373646469 0.010448414 50% P17178 CP27A RAT Vitamin D(3) 25-hydroxylase

comp29359_c1_seq1 1.575824588 0.035409366 98.15% Q86XK2 FBX11 HUMAN Vitiligo-associated protein 1

comp155490_c0_seq1 5.509726501 0.004586639 46.55% O08962 KCNH2 RAT Voltage-gated potassium channel subunit Kv11.1

comp30100_c1_seq1 -2.000477438 0.006748687 43.78% Q8N2E2 VWDE HUMAN vonWillebrand factor D and EGF domain-containing protein

comp13172_c0_seq1 -1.796482486 0.042402388 68.98% Q1LX51 WEE2 DANRE Wee1B kinase

comp21270_c0_seq1 2.356577732 0.028691864 52.80% Q9H0M0 WWP1 HUMAN WW domain-containing protein 1

comp9597_c0_seq1 1.982769216 0.038536222 54.04% Q6AWC2 WWC2 HUMAN WW domain-containing protein 2

comp59563_c0_seq1 1.9525283 0.008701816 70.20% P78562 PHEX HUMAN X-linked hypophosphatemia protein

comp27352_c0_seq3 1.866757954 0.012057396 45.82% Q03111 ENL HUMAN YEATS domain-containing protein 1

comp5886_c0_seq1 -8.493754008 1.83E-10 88.33% Q708S5 ASIC2 DANRE ZASIC2

comp7508_c0_seq1 -5.026895968 0.018350598 35.04% P17035 ZNF28 HUMAN Zinc finger protein KOX24

comp16412_c0_seq1 2.356577732 0.028691864 86.47% Q5T4S7 UBR4 HUMAN Zinc finger UBR1-type protein 1
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Table S3. GO classification of differently expressed genes.

Molecular function
Term Count P-Value
GO:0019992~diacylglycerol binding 5 0.002211788
GO:0005509~calcium ion binding 14 0.033914516
GO:0046027~phospholipid:diacylglycerol acyltransferase activity 2 0.039794719
GO:0043169~cation binding 43 0.054935552
GO:0043167~ion binding 43 0.067881758
GO:0051015~actin filament binding 3 0.068408482
GO:0016801~hydrolase activity, acting on ether bonds 2 0.07049774
GO:0003841~1-acylglycerol-3-phosphate O-acyltransferase activity 2 0.07049774

Biological process
Term Count P-Value
GO:0007155~cell adhesion 16 4.79E-04
GO:0022610~biological adhesion 16 4.86E-04
GO:0032990~cell part morphogenesis 9 0.001080125
GO:0048858~cell projection morphogenesis 8 0.003652222
GO:0007156~homophilic cell adhesion 6 0.004127029
GO:0007409~axonogenesis 7 0.004688721
GO:0032989~cellular component morphogenesis 10 0.004748499
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Biological process
Term Count P-Value
GO:0048667~cell morphogenesis involved in neuron differentiation 7 0.006863407
GO:0016337~cell-cell adhesion 8 0.006937984
GO:0007163~establishment or maintenance of cell polarity 4 0.007163976
GO:0048812~neuron projection morphogenesis 7 0.007505486
GO:0000902~cell morphogenesis 9 0.008063487
GO:0008088~axon cargo transport 3 0.009047581
GO:0070647~protein modification by small protein conjugation or removal 6 0.00947684
GO:0000904~cell morphogenesis involved in differentiation 7 0.014031959
GO:0016567~protein ubiquitination 5 0.015606768
GO:0031175~neuron projection development 7 0.017385553
GO:0032446~protein modification by small protein conjugation 5 0.021948467
GO:0010970~microtubule-based transport 3 0.022669086
GO:0008356~asymmetric cell division 2 0.023979606
GO:0030030~cell projection organization 8 0.029188197
GO:0033043~regulation of organelle organization 6 0.030962259
GO:0008090~retrograde axon cargo transport 2 0.039648579
GO:0009057~macromolecule catabolic process 12 0.049799397
GO:0051603~proteolysis involved in cellular protein catabolic process 10 0.052888534
GO:0044257~cellular protein catabolic process 10 0.054257779
GO:0048666~neuron development 7 0.056170495
GO:0031122~cytoplasmic microtubule organization 2 0.062685874
GO:0007018~microtubule-based movement 4 0.063091748



- 143 -

Biological process
Term Count P-Value
GO:0030163~protein catabolic process 10 0.063471209
GO:0030705~cytoskeleton-dependent intracellular transport 3 0.065748881
GO:0044265~cellular macromolecule catabolic process 11 0.06716183
GO:0007088~regulation of mitosis 3 0.074813166
GO:0009408~response to heat 3 0.074813166
GO:0006338~chromatin remodeling 3 0.074813166
GO:0051783~regulation of nuclear division 3 0.074813166
GO:0006508~proteolysis 14 0.081070485
GO:0050808~synapse organization 3 0.086662807
GO:0006468~protein amino acid phosphorylation 10 0.08910563
GO:0043632~modification-dependent macromolecule catabolic process 9 0.091834074
GO:0019941~modification-dependent protein catabolic process 9 0.091834074
GO:0051493~regulation of cytoskeleton organization 4 0.097075812
GO:0034605~cellular response to heat 2 0.099870686
GO:0045995~regulation of embryonic development 2 0.099870686
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Cell compotent
Term Count P-Value
GO:0000151~ubiquitin ligase complex 7 1.57E-04
GO:0016323~basolateral plasma membrane 7 0.010027766
GO:0009925~basal plasma membrane 3 0.022656419
GO:0005783~endoplasmic reticulum 16 0.025033566
GO:0045178~basal part of cell 3 0.029628494
GO:0005604~basement membrane 4 0.033158369
GO:0005938~cell cortex 5 0.042708737
GO:0030056~hemidesmosome 2 0.044189711
GO:0031362~anchored to external side of plasma membrane 2 0.044189711
GO:0015630~microtubule cytoskeleton 10 0.059147878
GO:0005606~laminin-1 complex 2 0.061318581
GO:0009898~internal side of plasma membrane 7 0.065620033
GO:0005856~cytoskeleton 19 0.068131568
GO:0005815~microtubule organizing center 6 0.078117582
GO:0043256~laminin complex 2 0.078143109
GO:0030055~cell-substrate junction 4 0.080066828
GO:0031233~intrinsic to external side of plasma membrane 2 0.086442925
GO:0060053~neurofilament cytoskeleton 2 0.086442925
GO:0043005~neuron projection 7 0.088180558
GO:0044420~extracellular matrix part 4 0.088554906
GO:0012505~endomembrane system 12 0.093347897
GO:0030054~cell junction 9 0.09508201
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