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Abstract

Stanniocalcin-1 (STC-1) was first identified to involve in Ca®* homeostasis in teleosts, and was
thought to act as a hypocalcemic hormone in vertebrate. Recent studies suggested that STC-1
exhibits broad effects on ion balance, not confines to Ca*", but the mechanism of this regulation
process remains largely unknown. Here, we used zebrafish embryos as an alternative in vivo model
to investigate how STC-1 regulates transepithelial ion transport function in ion-transporting ep-
ithelium. Expression of stc-] mRNA in zebrafish embryos was increased in high-Ca** environments
but decreased by acidic and ion-deficient treatments while overexpression of stc-1 impaired the
hypotonic acclimation by decreasing whole body Ca, Na*, and CI contents and H* secretion
ability. Injection of STC-1 mRNA also down-regulated mRNA expressions of epithelial Ca**
channel, H*-ATPase, and Na*-ClI" cotransporter, suggesting the roles of STC-1 in regulation of ions
other than Ca”. Knockdown of STC-1 caused an increase in ionocyte progenitors (foxi3a as the
marker) and mature ionocytes (ion transporters as the markers), but did not affect epithelium
stem cells (p63 as the marker) in the embryonic skin. Overexpression of STC-1 had the corre-
sponding opposite effect on ionocyte progenitors, mature ionocytes in the embryonic skin. Taken
together, STC-1 negatively regulates the number of ionocytes to reduce ionocyte functions. This
process is important for body fluid ionic homeostasis, which is achieved by the regulation of ion
transport functions in ionocytes. The present findings provide new insights into the broader
functions of STC-1, a hypocalcemic hormone.
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Introduction

Stanniocalcin-1 (STC-1), a homodimeric glyco-
protein, was originally identified in bony fish and

than the classical hypocalcemic function of STC [4].
The STC-1 concentration in seawater-adapted floun-

later in other vertebrates [1]. STC-1 acts as a hy-
pocalcemic hormone, which down-regulates the con-
centration of serum Ca?* [2]. By negatively regulating
epithelial calcium channel (ECaC) gene expression,
STC-1 reduces Ca?* uptake in fish embryos [3]. STC-1
is also involved in maintaining the balance of Na* and
Cl-. In rainbow trout, a decrease in the plasma Na*, CI-
and Na* and Ca?* concentrations caused an increase
in the plasma STC-1 level, implying a broader role

der corpuscles of Stannius was reported to be 3-fold
higher than that in freshwater-adapted ones, sug-
gesting that environmental salinity stimulates STC-1
synthesis [5]. In mammals, it was reported that STC-1
suppressed intestinal Ca?* absorption and renal
phosphate excretion, and stimulated intestinal phos-
phate uptake [6, 7]. STC-1 gene expression was in-
duced by water deprivation, indicating the role of
STC-1 in control of natriuresis and kaliuresis [8].
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However, STC-1(-/-) null mice showed normal serum
Ca?*and phosphate levels [9], which conflicts with the
functions of STC-1 on in mineral homeostasis in
mammals. Additional evidences are necessary to elu-
cidate the roles of STC-1 in body fluid ionic homeo-
stasis in vertebrates.

Mammalian STC was identified during the last
decade, and this discovery led to the important con-
clusions that STC is not unique to fish, and it has
multiple functions [2]. STC-1 participates in several
physiological processes, including anti-inflammatory
mechanisms [10], antioxidant mechanisms [11, 12],
growth plate chondrogenesis [13], adipogenesis, and
tumorigenesis [14]. Recent studies showed that STC-1
is up-regulated in several cancers [15-17], and it is
thought to be a molecular marker for human cancer
[18]; these findings imply that STC-1 acts as a modu-
lator for cell proliferation or differentiation. By
up-regulating vascular endothelial growth factor ex-
pression, STC-1 enhances tumor angiogenesis in gas-
tric cancer [19]. In mammalian fat tissue, STC-1 is
highly expressed in terminally differentiated adipo-
cytes that maintain the integrity of mature adipose
tissue [20]. STC-1 is also involved in
re-epithelialization during wound healing, through
the induction of cell migration [21]. These findings
suggest that STC-1-mediated modulation of prolifer-
ation and/ or differentiation of several cell types fulfill
various physiological demands. The significant re-
sults from the studies investigating the role of STC-1
on cell proliferation and differentiation regulation,
however, mainly provided in vitro data by using cul-
tured cells or cell lines. In contrast, the STC-1(-/-) null
mice showed normal fertility, fecundity, develop-
ment, and weight gain [9, 22], which do not support
the findings in cultured cells; making it become an
uncertain issue for the regulatory roles of STC-1 in cell
proliferation and differentiation.

To better explore this issue, we used zebrafish as
an alternative in wvivo model; this organism is
well-suited to both genetic manipulation and molec-
ular/cellular physiological methodologies, and we
have previously used it to investigate the roles of
hormone control in physiological responses [23-29].
We have also established the methodology and strat-
egy to understand the mechanisms of ionocyte dif-
ferentiation in zebrafish [29-32]. To date, four type of
zebrafish ionocyte were identified to be responsible
for transporting various ions by different ion trans-
porters in the embryonic stages [33-39]. During de-
velopment, ionocyte progenitors appear in the em-
bryonic skin and become mature and functional ion-
ocytes at around 24 hour post-fertilization (hpf) while
the gills are not fully functional [29, 31]. Hence, the
zebrafish offer an excellent system for us to study the

functions of STC-1 and these results obtained are not
only important for fish physiology but also bring
some clues to mammalian studies.

In the present study, we aimed to test the hy-
pothesis that STC-1 is involved in the regulation of
ions (other than Ca?*) by elucidating the mechanism
that how STC-1 regulates transepithelial ion transport
function for body fluid homeostasis. We reported here
that STC-1 mRNA expression was decreased not only
by different Ca?* treatments, but also by acidic and
ion-deficient environments. Manipulating the expres-
sion of STC-1 protein through injection of morpholino
oligonucleotides and mRNA respectively increased
and decreased the numbers of skin ionocytes and
ionocytes progenitors. Our results suggest that STC-1
is a negative modulator of ionocyte differentiation
and thus controls ion regulatory function for body
fluid ionic homeostasis.

Materials and Methods

Experimental animals. Zebrafish (Danio rerio)
were kept in local tap water at 28.5 °C under a 14:10-h
light-dark photoperiod at the Institute of Cellular and
Organismic Biology, Academia Sinica, Taipei, Taiwan.
Experiments were performed in accordance with the
guidelines of the Academia Sinica Institutional Ani-
mal Care and Utilization Committee (approval no.
RFiZOOHP2007086).

Acclimation experiments. High- (2 mM) or
low-Ca* (0.02 mM) artificial freshwater was prepared
by supplementing double-deionized water (model
Milli-RO60; Millipore, Billerica, MA, USA) with the
appropriate levels of CaSO;2H>O, MgSOs7H>O,
NaCl, KoHPO,, and KH>PO4. With the exception of
Ca?*, the concentrations of the other ions in all solu-
tions were the same as those in local tap water (con-
trol freshwater; [Ca?*], 0.2 mM; [Na*], 0.5 mM; [Mg?*],
0.16 mM; and [K*], 0.3 mM; pH 7.1~7.4). Ion concen-
trations were maintained within 10% of the predicted
values. The acidic medium (pH 4.00~4.05) was made
by adding H>SO, to control freshwater; the concen-
trations of other ions in acidic freshwater were the
same as those in control freshwater. Zebrafish em-
bryos right after fertilization were incubated in dif-
ferent artificial media (high-Ca?*, low-Ca?*, or acidic)
and control freshwater for 4 d. Zebrafish embryos at 3
d-post fertilization were treated with dou-
ble-deionized water for 1 d. During the experiments,
ion concentrations were maintained within 10% of the
predicted values.

RNA extraction. Twenty-five zebrafish embryos
were pooled as a sample and homogenized in 0.5 mL
Trizol reagent (Invitrogen, Carlsbad, CA), before be-
ing mixed with 0.1 mL chloroform and thoroughly
shaken. After centrifugation at 4 °Cand 12,000 xg for
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30 min, the supernatant was obtained and mixed with
an equal volume of isopropanol. RNA pellets were
precipitated by centrifugation at 4 °C and 12,000 xg for
30 min. Pellets were then washed with 70% alcohol,
and stored at -20 °C until use. The total RNA samples
were purified using an RNeasy Mini Kit (Qiagen,
Huntsville, AL), and treated with DNasel to remove
genomic DNA. The quantity and quality of total RNA
were assessed by Nanodrop spectrophotometry
(ND-1000, NanoDrop Technology, Wilmington, DE)
and agarose gel electrophoresis, respectively.
Verification of gene expression using
quantitative real-time RT-PCR. For cDNA syn-
thesis, 5 pg of total RNA was reverse-transcribed in a
final volume of 20 pL containing 0.5 mM dNTPs, 2.5
M oligo(dT), 250 ng of random primers, 5 mM di-
thiothreitol, 40 units of an RNase inhibitor, and 200
units of PowerScript reverse transcriptase (Invitro-
gen) for 30 min at 50 °C, followed by incubation at 70
°C for 15 min. Twenty units of Escherichia coli RNase H
(Invitrogen) were added to remove the remnant RNA
in a 20-min incubation at 37 °C. Real-time qRT-PCR
was used to analyze expression of 4 transcripts: stc-1,
stc-1 like, stc-2, and stc-2 like. qRT-PCR was carried out
using a Roche Lightcycler 480 (Roche, Penzberg,
Germany). The final volume in a well was 10 pL, con-
sisting of 5 pL of 2X SYBR green master mix (Roche),
3.2 ng of cDNA, and 50 nM of primer pairs. The
standard curve of each gene was checked in the linear
range, with P-actin or ribosomal protein L13a
(RPL13a) serving as internal controls. For the
qRT-PCR experiments, similar patterns were ob-
served irrespective of which of the 2 reference genes
were used for normalization in accordance with our
previous study [23]. Primers were designed using
Primer Express 2.0 software (Applied Biosystems,
Wellesley, MA, USA). The sequences of primer sets
used are as follows: stc-1 forward 5-
CCAGCTGCTTCAAAACAAACC-3’, stc-1 reverse
5-ATGGAGCGTTTTCTGGCGA-3’; stc-1 like forward
5-CCAAGCCACTTTCCCAACAG-3, stc-1 like re-
verse 5-ACCCACCACGAGTCTCCATTC-3’; stc-2
forward 5-TATGGTCTTCCAGCTITCAGCG-3’, stc-2
reverse 5-CGAGTAATGGCTTCCTTCACCT-3’; stc-2
like forward 5-CCGTCCCAGATGTCACTACCAC-3;
stc-2 like reverse 5'-TCTGCAGAGACAGTCTTTTCTT
GTG-3’; foxi3a forward 5-CTCTCGCTCAATGACTG
CTTC-3"; foxi3a reverse 5-CAGCCTGAGAGTCC
GACTTTC-3’; atp6vla forward 5'-GAGGAACCACTG
CCATTCCA-3’; atpbvla reverse 5-CAACCCACATA
AATGATGACATC-3; trpv6 forward 5-TCCTTTCCC
ATCACCCTCT-3’; trpv6 reverse 5-GCACTGTGGC
AACTTTCGT-3’; slc12a10.2 forward 5-GCCCCCAA
AGTTTTCCAGTT-3"; slc12a10.2 reverse 5-TAAGC
ACGAAGAGGCTCCTTG-3'.

Translational knockdown with antisense
morpholino oligonucleotides. Morpholino-modified
antisense oligonucleotides (MOs) were purchased
from Gene Tools (Philomath, OR). The stc-1 and foxi3a
MOs were designed to be complementary to the ATG
region for translation inhibition. The maximal dosage
used that caused no obvious toxic effects on embryo-
genesis was as follows: stc-1 MO (5-AAATCC
GCTTTTCAGGAGCATGTCT-3") at 1.3 ng/embryo;
mismatched stc-1 MO  (5-AAATGCCCTTTTIG
AGGACCATCTCT-3') at 1.3 ng/embryo; foxi3a MO
(0’-TCTTCCCGTTTCTCTTTGTTGAAGG-3) at 4
ng/embryo; and mismatched foxi3a MO (5'-
TCATGCCCTTTCTGTTTCTTGAAGG-3") at 4
ng/embryo. The specificity and efficiency of MOs
were tested and confirmed by previous studies [3, 31].
The MOs were prepared with 1x Danieau solution (58
mM NaCl, 0.7 mM KCl, 0.4 mM MgSO,, 0.6 mM
Ca(NOs3)2, and 5.0 mM HEPES; pH 7.6). MO solution
was injected into zebrafish embryos at the 1~2-cell
stage using an IM-300 microinjector system (Narishigi
Scientific Instrument Laboratory, Tokyo, Japan).

Plasmid construction. To generate the
pCS2+-zSTC-1 and pCS2+-Fxoi3a constructs, the cor-
responding zebrafish stc-1 (747 bp) and foxi3a (1153
bp) coding regions were amplified by PCR using the
following  pairs of primers: stc-1 forward
5-GGATCCATGCTCCTGAAAAGCGGCTTTCTT-3,
stc-1 reverse 5-GAATCCAGGACTTCCCACGATG
GAGCGTTT-3, foxi3a forward 5-AAAGAATTCC
GGGAAGAAAGCATG-3, and foxi3a reverse
5-TGTCTCGAGTTACACCTCAGATCCC-3'. The
zSTC-1 and Foxi3a PCR amplicons were cloned into a
PGEM-T easy vector (Promega, Madison, WI) using
BamHTI and EcoRlI sites, and was then subcloned into a
pCS2* vector using the BamHI and EcoRI sites.

Capped-mRNA injection. The constructs cloned
into the pCS2* vectors were linearized using Narl,
and capped-mRNA was transcribed using an SP6
message RNA polymerase kit (Ambion, Huntington,
UK). Capped-mRNAs were injected into embryos at
the 1-cell stage at a dose of 40 pg/embryo for STC-1
and 50 pg/embryo for Foxi3a. The efficiency of
capped-mRNA (cRNA) was tested and confirmed in a
previous study [3, 31].

Measurement of whole-body Na*, Ca?*, and CI-
contents. Fifteen zebrafish larvae were rinsed by de-
ionized water several times and then pooled as one
sample. HNOj3 at 13.1 N was added to the samples for
digestion at 60 °C overnight. After digestion the sam-
ples were diluted with double-deionized water, and
the total Na* and Ca?* contents were measured by
atomic absorption spectrophotometry (Z-8000; Hita-
chi, Tokyo, Japan). For CI- content measurements,
fifteen zebrafish larvae were homogenized with 1 mL
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deionized water and then centrifuged at 14,000 rpm
for 30 min. After collecting the supernatant from each
sample, Hg(SCNyg). (0.3 g in 95% ethanol) and
NH4Fe(SO4)212 H>O (30 g in 135 mL 6 N HNO:3) so-
lutions were added for the analysis. The Cl- concen-
tration was measured by the ferricyanide method
with a double-beam spectrophotometer (model
U-2000; Hitachi). The standard solutions of Na*, Ca?*,
and Cl- from Merck (Darmstadt, Germany) were used
to make the standard curves.

Measurement of surface pH of zebrafish em-
bryos. Proton secretion in zebrafish embryos was de-
termined by measuring the pH at the yolk surface. A
noninvasive scanning Ht-selective electrode tech-
nique (SIET) was used to measure extracellular H*
activity (pH) at the surface of zebrafish embryos, as
previously described [35, 36]. Briefly, microelectrodes
with a tip diameter of 3-4 pm were pulled from glass
capillary tubes (P-97 Flaming Brown pipette puller,
Sutter Instruments), then were baked at 200°C over-
night, and vapor-silanized with dimethylchlorosilane
(Fluka) for 30 min. The microelectrodes were back-
filled with 100 mM KCl/H>PO4 (pH 7.0), and then
were frontloaded with a 20- to 30-pm column of liquid
ion exchanger cocktail (hydrogen ionophore I-cocktail
B; Fluka). The H* microelectrode was positioned with
a step-motor-driven 3-dimensional positioner (Ap-
plicable Electronics) via an Ag/AgCl wire electrode
holder (World Precision Instruments), and the circuit
was completed by placing a salt bridge (an Ag/AgCl
wire-connected capillary tube that is filled with 3%
agarose containing 3 M KCl). Data acquisition, pre-
liminary processing, and control of the 3-dimensional
electrode positioner were performed with ASET
software (Science Wares). The microelectrode system
was attached to an Olympus upright microscope
(BX-50WI). The Nernstian properties of each microe-
lectrode were measured by placing the microelectrode
in a series of standard pH solutions (pH 6, 7, and 8).
To detect surface H* activity of zebrafish embryos,
SIET was performed at room temperature in a small
plastic recording chamber filled with 1 mL of record-
ing solution, which consisted of artificial media
(0.4-0.6 mM NaCl, 0.18-0.20 mM CaSQ, 0.18-0.20 mM
MgSOs, 0.05-0.06 mM KH,PO4, and 0.05-0.06 mM
K>HPOy,), 300 pM MOPS buffer (Sigma), and 0.1 mg/1
tricaine (3-aminobenzoic acid ethyl ester; Sigma; pH
6.8). An anesthetized embryo was positioned in the
center of the chamber, with its lateral side contacting
the base of the chamber; it remained in that position
for 3 min. The probe was then moved to a target posi-
tion on the skin surface of the yolk sac and used to
take recordings for 30 seconds; it was subsequently
moved approximately 1 cm away from the embryo to
record background levels in the media. The voltage

outputs were converted to H* concentrations accord-
ing to the 3-point calibration curve, and A[H*] was
used to represent the H* gradients between the target
point on the skin surface and the background.

Whole-mount in situ hybridization. Fragments
of foxi3a were obtained by PCR and inserted into the
pGEM-T easy vector (Promega, Madison, WI). The
inserted fragments were amplified with the T7 and
SP6 primers by PCR, and the products used as tem-
plates for in vitro transcription with T7 and SP6 RNA
polymerase (Roche) in the presence of digoxigenin
(DIG)-UTP (Roche), to synthesize sense and anti-sense
probes, respectively. DIG-labeled RNA probes were
examined using RNA gels, and a dot blot assay was
used to confirm their quality and concentrations.
Zebrafish embryos were anesthetized on ice, and
fixed with 4% paraformaldehyde in a phos-
phate-buffered saline (PBS; 1.4 mM NaCl, 0.2 mM
KCl, 0.1 mM NaxHPO,, and 0.002 mM KH.PO,; pH
7.4) solution at 4 °C overnight. Afterwards, samples
were washed with diethylpyrocarbonate -treated
PBST (PBS with 0.1% Tween-20) several times (10
min/wash). After washing, samples were first incu-
bated with hybridization buffer (HyB, 50% forma-
mide, 5x SSC, and 0.1% Tween 20) at 65 °C for 5 min,
and subsequently with HyB containing 500 pg/mL
yeast tRNA at 65 °C for 4 h before hybridization. After
overnight hybridization with 100 ng/mL DIG-labeled
antisense or sense RNA probes, embryos were serially
washed with 50% formamide-2x SSC (at 65 °C for 20
min), 2x SSC (at 65 °C for 10 min), 2x SSC (at 65 °C for
10 min), 0.2x SSC (at 65 °C for 30 min, 2 times), and
PBST at room temperature for 10 min. Embryos were
then immunoreacted with an alkaline phospha-
tase-coupled anti-Dig antibody (1: 8000), and stained
with  nitro blue tetrazolium (Roche) and
5-bromo-4-chloro-3-indolyl phosphate (Roche) for the
alkaline phosphatase reaction. For quantification, the
cell densities in the yolk sac skin of embryos were
analyzed using freehand selections of image pro-
cessing program (Image] 1.45s; Wayne Rasband,
NIH). The total area of the yolk sac (one side for each
embryo) was calculated by the image program based
on the designated scale bar size of the image acquired
from the microscope.

Whole-mount immunohistochemistry. Embry-
os from different developmental stages were fixed in
4% paraformaldehyde in PBST. For keratin antibody
staining, embryos were fixed in Dent’s fixative (80%
methanol and 20% DMSO) at -20 °C for 1 h. Samples
were then incubated with 3% bovine serum albumin
for 2 h to block nonspecific binding, before being in-
cubated at 4 °C overnight with either: an a5 mono-
clonal antibody against the a-subunit of the avian
Na*-K*-ATPase (Developmental Studies Hybridoma
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Bank, University of Iowa, Ames, IA); a polyclonal
antibody against the A subunit of zebrafish
H+ATPase (synthetic peptide: AEMPADSGYPAYLG
ARLA) (30); a polyclonal antibody against the
N-terminal domain of zebrafish Na*-Cl-cotransporter
like 2 (synthetic peptide: IKKSRPSLDVLRNPPDD)
(34); a monoclonal antibody against keratin type 2
(PROGEN Biotechnik, Heidelberg, Germany); or a
monoclonal antibody against human P63 (Santa Cruz
Biotechnology, Santa Cruz, CA). After washing
with PBST for 20 min, samples were further incubated
with Alexa Fluor 488 goat anti-rabbit immunoglobu-
lin (IgG) (Molecular Probes, Carlsbad, CA; 1: 200 di-
lution with PBS) or an Alexa Fluor 568 goat an-
ti-mouse IgG antibody (Molecular Probes; 1: 200 dilu-
tion with PBST) for 2 h at room temperature. Images
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Figure 1. Different environments affect expression of STC genes in
zebrafish embryos. Zebrafish embryos were incubated with high-Ca2* or acidic
(pH=4) media for 4 d or double-deionized water for 1 d, and the mRNA levels of four
STC genes were then measured by qRT-PCR. (A) stc-1 (STCI) and stc-2 (STC2)
mRNAs were significantly decreased by low-Ca2* (A), acidic (B) and double-deionized
water (DDW)(C) treatments, while that of stc-1 like (STCIL) and stc-2 like (STC2L)
were unaffected. Low-Ca?* (A), acidic (B) and double-deionized water (C) treatments
caused greater reductions of stc-I mRNA (87%, 87% and 60%, respectively) than stc-2
mRNA (17%, 32% and 17%, respectively). qRT-PCR values were normalized to that of
rpl13a. Mean * SEM (n = 4-5). * (p < 0.05), ** (p < 0.01) or *** (p < 0.001) indicates a
significant difference from the control (Student’s t-test,).

were acquired with a Leica TCS-SP5 confocal laser
scanning microscope (Leica Lasertechnik, Heidelberg,
Germany). Cell density quantification was performed
as described above.

Statistical analysis. Values are presented as the
mean + SEM, and were compared using Student’s
t-test or Chi-square test.

Results

Expression of stc genes in zebrafish embryos
under different environments

Sequence information for four STC isoforms
(stc-1, stc-1 like, stc-2, and stc-2 like) was obtained from
the Ensembl database. To examine environmental
effects on the expression of stc genes, we incubated
embryos under different conditions (high-Ca?* or
acidic treatment for 4 d, or double-deionized water
treatment for 1 d), and then measured gene expres-
sion levels by qRT-PCR. stc-1 mRNA was significantly
decreased by low-Ca?*, acidic, and double-deionized
environments (Fig. 1). stc-2 mRNA was also affected
by the artificial media with a similar pattern, but the
effects were milder compared to that on stc-1 (Fig.
1A). No significant difference was found for stc-1 like
and stc-2 like mRNA under any treatments (Fig. 1).
Although we found a significant decrease in the level
of stc-2 mRNA (about 17-33%) under acidic and hy-
potonic treatments compared to freshwater control,
the difference was much less than that in stc-1 mRNA
(about 60-87%); this suggests that STC-1, instead of
STC-2, plays a major role in ion balance in zebrafish
embryo. Therefore, we focused on the function and
actions of STC-1 in the following experiments.

STC-1 regulates the functions of ionocytes

Our results indicate that stc-1 expression nega-
tively correlates with the functions of ionocyts (Fig. 1);
we next performed overexpression experiments to
investigate the effects of STC-1 on ion regulation
functions in zebrafish embryos. The embryos were
injected with stc-1 cRNA (40 pg/embryo) and incu-
bated in double-deionized water for the hypotonic
challenge for 72 h, and then the mortality and mor-
phologies of embryos were observed. The stc-1 cRNA
injected embryos showed higher mortality (32%) and
malformation phenotypes (29%) than control embryos
(10% mortality and 5% malformation phenotypes;
Chi-square test, p<0.0005) (Table 1), indicating that
overexpression of stc-1 impairs the hypotonic accli-
mation in zebrafish embryos. We then measured the
whole-body contents of Ca?*, Na*, and Cl- ions and
the H* secretion of zebrafish embryos that were in-
cubated in fresh water for 72 h. Overexpression of
stc-1 caused a significant decrease of the whole-body
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Ca?*, Na*, and CI- ion contents in stc-1 cRNA injected
embryos compared to those in control embryos (Fig.
2A). The stc-1 cRNA injected embryos also showed a
lower H* secretion ability than control embryos (Fig.
2B). Moreover, the mRNA expressions of three ion
transporters, ECaC, H*-ATPase, and Na*-Cl- co-
transporter (NC), were significantly suppressed by
stc-1 cRNA injection at 2- and 3-d post fertilization
(dpf) (Fig. 3). These results demonstrate that STC-1
regulates ionocyte functions in a negative manner.

Table 1. Effects of stc-] cRNA injection on the hypotonic accli-
mation in zebrafish embryos.

Treatment Survival rate (%)  Percentage of different phenotypes
Normal Malformation Death

Control 90 85 5 10

stc-1 cRNA 68* 49 29 32

One-cell stage embryos were injected with the STC-1 cRNA and incubated in
double deionized (dd) water for 72 h, and the mortality and morphologies of
embryos were observed. 1x Danieau solution (Control) was used as controls. In
each treatment, 100 embryos were analyzed. * Significant difference (x? test,
p<0.0005) from control.
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Figure 2. STC-1 regulates the functions of ionocytes. The embryos were injected with stc-1 cRNA (40 pg/lembryo) and the whole-body contents of Ca2*, Na*, and Cl- ions
and the H* secretion of zebrafish embryos that were incubated in fresh water for 72 h. Overexpression of stc-1 caused a significant decrease of whole-body Ca?*, Na*, and CI-
ion contents in stc-1 cRNA injected embryos compared to those in control embryos injected with 1x Danieau solution (A). The stc-1 cRNA injected embryos also showed a lower
H* secretion ability than control embryos (B). Mean + SEM (n = 13-16). * Indicates a significant difference from the control (Student’s t-test, p < 0.05).
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Figure 3. STC-1 suppresses the mRNA expressions of ion transporter
genes. One-cell stage embryos were injected with stc-1 cRNA (40 pg/embryo) and
the mRNA expressions of atpévia (H*-ATPase), trpvé6 (ECaC), and slcl2al0.2 (NC)
were analyzed by qRT-PCR. The gene expressions of three ion transporters in stc-1
cRNA injected embryos showed similar levels compared with control embryos
injected with 1x Danieau solution at | dpf, but were significantly down-regulated at 2
and 3 dpf. qRT-PCR values were normalized to that of beta-actin. Mean * SEM (n =
4-5).* (p < 0.05), *¥* (b < 0.01) or ¥** (p < 0.001) indicates a significant difference from
the control (Student’s t-test,).

STC-1 negatively modulates the number of
ionocytes in zebrafish skin

To examine if the of STC-1 affects the cell densi-
ties of ionocytes in zebrafish embryo skin, we manip-
ulated STC-1 protein expression, and observed the
resulting effects on 3 subtypes of skin ionocytes:
Na+-K*-ATPase-rich (NaR), H*-ATPase-rich (HR), and
Na*-Cl- cotransporter (NC) cells (responsible for Ca?*
uptake, H* secretion/Na* uptake/NHs* excretion,
and Na* uptake/Cl- uptake, respectively) [33-39]. The
STC-1 MO caused 26%, 27%, and 35% increases in the
numbers of NaR, HR, and NC cells, respectively (Fig.
4A-G). In contrast, injection of stc-1 cRNA caused
20%, 28%, and 26% decreases in the three types of
cells (Fig. 4H-N). Our previous results have shown
that around 20-30% changes in ionocyte numbers is
sufficient to affect the ion regulation functions [23],
hence the changes of cell densities that were resulted
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from manipulation of STC-1 protein expression in the
present study have the biological and functional sig-
nificances. Furthermore, in situ hybridization and
qRT-PCR analysis revealed that the number of cells
expressing foxi3a (which encodes the master regulator
of ionocyte differentiation in zebrafish [31] and the
foxi3a mRNA expression at the tail-bud stage (which
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Figure 4. STC-1 negatively modulates the number of ionocytes in
zebrafish skin. One-cell stage embryos were injected with either an stc-I mor-
pholino (MO) (1.3 ng/embryo) or stc-1 cRNA (40 pg/embryo). NaR cells (NaRC), HR
cells (HRC), and NC cells (NCC) were subsequently detected at 72 hpf, by antibody
labeling of Na*-K+*-ATPase, H*-ATPase, and Na*-Cl- cotransporter, respectively.
Mismatched-MO (MIS) and 1x Danieau solution (control) were used as controls.
NaRC, HRC, and NC cell density in the yolk sac skin of embryos were significantly
higher in stc-I morphants (the embryos injected with MO) than in mis-
matched-MO-injected embryos (A-G). stc-1 cRNA injection significantly decreased
ionocyte cell densities (H-N). Mean + SEM (n = 12). * Indicates a significant difference
from the control (Student’s t-test, p < 0.05). Scale bar, 100 pm.

is prior to ion transporter gene expression) were in-
creased by stc-1 MO (Fig. 5A-D), but decreased by
stc-1 cRNA (Fig. 5E-H). Collectively, these results in-
dicate that STC-1 negatively regulates the number of
ionocytes, probably through the transcription regula-
tion of foxi3a mRNA.
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Figure 5. STC-1 negatively regulates foxi3a expression at the tail-bud
stage. One-cell stage embryos were injected with an stc-I morpholino (MO) (1.3
ng/embryo) or stc-l cRNA (40 pg/embryo), and foxi3a mRNA was subsequently
detected using in situ hybridization and qRT-PCR at the tail-bud stage. Mismatched-
MO (MIS) and Ix Danieau solution (Control) were used as controls. The number of
foxi3a-expressing cells in the surface of yolk and foxi3a mRNA expression were
significantly increased by stc-1 MO (A-D), and significantly decreased by stc-1 cRNA
(E-H). qRT-PCR values were normalized to that of beta-actin. Mean + SEM (n = 10 or
6). * Indicates a significant difference from the control (Student’s t-test, p < 0.05).
Scale bar, 100 pm.
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Figure 6. STC-1 does not affect epidermal stem cells. One-cell stage embryos were injected with an STC-1 morpholino (MO) (1.3 ng/lembryo) and epidermis stem cells
were subsequently detected by antibody labeling. The densities of epidermis stem cells (A-C) in the central part of yolk sac skin were unaffected by STC-1 MO (Student’s t-test,
p < 0.05). Mean * SEM (n = 5). MIS, mismatched MO. NS, non-significance; Scale bar, 50 pm.

STC-1 does not affect epidermal stem cells

P63 is a marker of epidermal stem cells, which
have been demonstrated to differentiate into skin
ionocytes and keratinocytes in zebrafish [40]. As
shown in Fig. 6, the densities of P63+ cells (Fig. 6A-C)
were unaffected in STC-1 morphants (control 3009+45
vs. morphant 3084+102 cell/mm? p = 0.496). No dif-
ferences in the cell densities of epidermal stem cells
were found between wild type and mismatched
MO-injected embryos (data not shown).

Discussion

Our study reveals that STC-1 not only functions
as a hypocalcemic peptide, but also participates in the
balance of acid/base and other ions. STC-1 suppresses
the expression of foxi3a and also affects the density of
ionocytes in ion-transporting epithelium via tran-
scriptional regulation of foxi3a expression to maintain
body fluid ionic homeostasis. Thus, STC-1 appears to
control transepithelial ion transport by regulating cell
differentiation, rather than regulating the affinities or
activities of ion transporters themselves.

STC-1 was originally described as a calciton-
in-like hormone in fish. Surgical removal of the cor-
puscles of Stannius gland from European eel causes
hypercalcemia, demonstrating the hypocalcemic ac-
tions of STC- 1 [41]. STC-1 is released into the blood-
stream, and reduces Ca?* uptake in both gills and in-
testines [42]. In mammals, STC-1 was also found to
regulate the Ca?* balance by mediating intestinal Ca?*
and phosphate transport [6]. However, recent studies
in both fish and mammals have suggested that STC-1
is also involved in the balance of other ions in body
fluids [4, 5, 8, 43]. This hypothesis is supported by our
acclimation experiments. Of the stc family members,
only stc-1 mRNA expression was majorly affected by
changes in environmental conditions (Fig.1l); fur-
thermore, these environmental conditions were pre-
viously reported to stimulate ion transport functions
that are not confined to Ca?* uptake in zebrafish [44].

According to the current model of zebrafish ion reg-
ulatory mechanisms [29, 32], the 3 main types of ion-
ocytes, NaR, HR and NC cells, are responsible for Ca?*
uptake, Na* uptake/H* secretion, and Na* uptake/Cl-
uptake, respectively, and the key transporters are
ECaC, H*-ATPase, and NC in the 3 types of ionocytes.
The physiological experiments showed that overex-
pression of stc-1 impaired the hypotonic acclimation
by decreasing whole body Ca?*, Na*, and Cl- contents
and the H* secretion ability (Fig. 2). In addition, stc-1
suppressed the mRNA expressions of ion transporter
genes that are crucial for the functions of ion balance
for zebrafish (Fig. 3). These observations support the
notion that STC-1 is not restricted to its role as a hy-
pocalcemic peptide, but also helps regulate the bal-
ance of other ions.

Due to a lack of information pertaining to the
STC-1 receptor, the mechanisms by which STC-1 reg-
ulates ion balance, and the identity of its target
cells/genes, remain unclear. Heijden and colleagues
performed stanniectomy on eels, and found that while
transepithelial Ca?* influx in the gills increased, the
membrane density and affinity of Ca?* transporters
remained unaffected [45]. They speculated that the
increase in Ca?*-transporting capacity may have
arisen from an increase in the number and/or size of
Ca?*-transporting cells, but no evidence was pre-
sented to support this hypothesis. Our previous study
in zebrafish demonstrated that STC-1 negatively reg-
ulates expression of epithelial Ca?* channels, thereby
reducing Ca?* influx and whole body Ca?* content [3].
However, these data did not exclude the possibility
that STC-1 modulates the number of ionocytes, the
main cell type through which ion balance is regulated.
In the present study, we clearly demonstrate a rela-
tionship between STC-1 expression and the number of
ionocytes. The density of ionocytes was increased by
stc-1 knockdown and decreased by stc-1 overexpres-
sion (Fig. 4). The inverse relationship between stc-1
expression and ionocyte density suggests that STC-1
negatively regulates the number of ionocytes, since
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changing the numbers of ionocytes was known to
result in the modulation of ionocyte’s functions [33,
44, 46]. This finding is intriguing, because it addresses
long-term unsolved questions, thereby providing new
insights into the role of STC-1 in controlling transep-
ithelial ion transport.

Two possible pathways were proposed to con-
trol the numbers of ionocytes in zebrafish skin: regu-
lation of ionocyte precursor differentiation and/or
regulation of epidermal stem cell proliferation [30, 32,
46, 47]. In order to investigate how STC-1 regulates
ionocyte number, we examined the effects of STC-1 on
Foxi3a, a helix/forkhead box transcription factor
which functions as a cell fate determinant [48].
Zebrafish Foxi3a is a master regulator of ionocyte
differentiation [31, 49-51], and regulation of Foxi3a
affects the number of mature ionocytes [23, 51]. At the
tail-bud stage, zebrafish embryos express foxi3a, but
not the mature ionocyte markers atp1b1b or atp6vla,
indicating that only ionocyte precursor cells exist at
this stage [31]. In the present study, manipulation of
STC-1 protein expression modified foxi3a expression
at the tail-bud stage (Fig. 5). The number of
foxi3a-expressing cells and foxi3a mRNA expression
were significantly increased by stc-1 MO, but was
significantly decreased by stc-1 cRNA; indicating that
STC-1 negatively regulates the formation of ionocytes
from precursor cells. Our study provides the first
convincing line of evidence in support of STC-1 acting
as a negative regulator for ionocyte differentiation by
inhibiting foxi3a expression.

Studies in mammals have revealed that STC-1 is
involved in the regulation of cell growth and differ-
entiation. STC-1 was reported to have both positive
and negative effects, depending on context. During
embryonic development, STC-1 was first expressed in
mesenchymal condensations, before extending to
perichondrial cells, periosteal cells, and finally, the
osteoblasts [52]. This time- and cell-specific pattern of
expression suggested a role for STC-1 in osteoblast
development and bone formation. An in vitro study
using a rat calvaria cell culture system also demon-
strated that STC-1 accelerates osteoblast development
[53]. Treatment of 3T3-L1 cells with an adipogenic
cocktail induced their differentiation into mature ad-
ipocytes, accompanied by an increase in STC-1 ex-
pression [20]. Up-regulation of stc mRNA levels was
also reported to be accompanied by a concomitant
increase in an axon-specific, low molecular form of
microtubule-associated protein mRNA, suggesting a
possible role for STC in axonogenesis and neural dif-
ferentiation [54]. On the other hand, STC-1 has also
been reported to suppress cranial intramembranous
bone growth [55] and inhibit longitudinal bone
growth directly at the growth plate [13]. Several ear-

lier studies have demonstrated a correlation between
STC-1 expression levels and the phenotypes or de-
velopmental states of cells or tissues. However, these
studies failed to identify the target molecules or cells
of STC-1, leaving its regulatory mechanisms unclear.
Our results demonstrate that STC-1 inhibits foxi3a
gene expression and negatively affects the number of
ionocytes to regulate ion balance functions.

P63, a direct target of BMP signaling, is specifi-
cally expressed in non-neural ectoderm, and is in-
volved in the induction of epidermal ectoderm speci-
fication [39, 56]; as such, it is a marker of epidermal
stem cells [31, 49]. Recent studies have reported that
isotocin increases the density of skin/gill ionocytes
through regulating proliferation of P63+ epidermal
stem cells in zebrafish [23]. Based on these observa-
tions, we extended our investigation to determine if
STC-1 targets P63+ cells, which are upstream of
foxi3a-expressing ionocyte precursor cells. We ob-
served no effects of stc-1 knockdown on the number
of epidermal stem cells (Fig. 6A-C), suggesting that
STC-1 is not involved in the regulation of epidermal
stem cell proliferation. This further reinforces our
notion that STC-1 is involved in regulation of body
fluid ionic homeostasis by exerting its actions on ion-
ocytes and the related transporter in transporting ep-
ithelium.

In summary, our study demonstrates that STC-1
participates in the functions of body fluid homeosta-
sis, which are not confined to Ca?* balance, via nega-
tively regulating foxi3a expression to affect the num-
ber of ionocytes. The present findings provide some
cues to investigate if STC-1 also mediates the similar
pathway to regulate the functions of mammalian
kidneys, which are analogous to zebrafish skin in
terms of the expressions and functions of ion trans-
porters [32, 44]. In addition, the roles of STC-1 in cell
differentiation are also associated with many human
physiological and disease processes, including can-
cers, wound healing, bone formation, and axonogen-
esis. As such, our study provide new insights into the
broader functions of STC-1 in vertebrates and also
helps elucidate mechanisms that may be valuable in
the development of new disease therapies, as well as
to related research fields of human health.

Abbreviations
cRNA: capped-mRNA; ECaC: epithelial calcium

channel;, HR: H*ATPase-rich, MO: morpho-
lino-modified antisense oligonucleotide; = NaR:
Nat*-K*-ATPase-rich; NC: Na*-Cl- cotransporter;
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H+-selective electrode technique; STC-1: stanniocal-
cin-1.
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