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INTRODUCTION

Abstract

Stanniocalcin-1 (STC1), a glycoprotein, serves as an autocrine or paracrine factor
in multiple processes in mammals, including the regulation of calcium/phosphorus
(Ca?*/Pi) transport. However, its underlying mechanisms are not fully elucidated.
Here, we examined the intracellular Ca** ([Ca*],) and Pi concentrations ([Pi];) levels
in primary bovine renal tubular epithelial cells (RTECs) using flow cytometry and
phosphomolybdic spectrophotometry, respectively, following STC1 overexpression/
inhibition, and treatments with vitamin D receptor (VDR) agonist calcitriol or antagonist
MeTC?7. The expression of Ca?*/Pi transporters (TRPV5, TRPV6, CB-D,s, PMCALD,
NCXI1, Npt2a, Npt2c) was measured by real-time qPCR and western blotting. The
results revealed STC1 inhibition by STC1-shRNA promoted Ca** intake and inhibited
Pi influx, whereas STC1 overexpression by pcDNA3.1/STC1 had the opposite effects.
The calcitriol-induced increase in [Ca®'], was reversed by STCI overexpression and
MeTC?7 treatment. Overexpression of STCI reduced the expression of TRPV5, TRPV6,
and VDR, while suppressing calcitriol-induced TRPV5 upregulation and enhancing
Npt2a/Npt2c expression. STC1 had no effect on CB-D,sx, NCX1, or PMCA1b, which
mediate Ca** diffusion and extrusion. In conclusion, our findings suggest STC1 inhibits
Ca* transport and enhances Pi uptake in RTECs at least partly by regulating TRPV5/
TRPV6 and Npt2a/Npt2c expression, respectively. Interference of 1,25 (OH),Ds/VDR
axis may also contribute. The present findings provide new insights into the underlying
mechanisms of STC1 and offer strategies to prevent mineral disorders in cattle.
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In mammals, reabsorption of Ca** by the renal tubules
involves two distinct mechanisms: paracellular and

Calcium (Ca?*) and phosphorus (inorganic phosphate, Pi)
are essential macrominerals that collaborate in various
physiological processes, including bone formation,
metabolic regulation, and milk production. Imbalances
in Ca®'/Pi levels in cattle, especially in the perinatal and
lactating cows, can lead to severe metabolic disorders
such as rickets, osteomalacia, and milk fever, which not
only affect animal health but also result in substantial
economic losses in the dairy and meat industries.Their
balance is maintained through the coordinated actions of
the gastrointestinal tract, bones, and kidneys. The kidneys
play a key role by excreting an amount of Ca?*/Pi equal to
what is absorbed by gut, a process achieved via glomerular
filtration and reabsorption in the renal tubules.

transcellular pathways. Paracellular transport is a passive,
non-saturated, and poorly regulated process. In contrast,
active transcellular transport is a saturable and finely
orchestrated process ! comprising three steps. First, Ca**
entry via epithelial Ca** channels in the apical membrane,
such as transient receptor potential vanilloid receptor
subtype 5 and 6 (TRPV5 and TRPV6) ©. Second, Ca*
binds to calbindin-D,,, (CB-D,, ), facilitating intracellular
diffusion P. Third, Ca?* efflux by the coordinated action
of plasma membrane Ca?* ATPase 1b (PMCA1b) and Na*/
Ca*" exchanger 1 (NCX1) at the basolateral membrane ™.
1,25-dihydroxyvitamin D; (1,25(OH),Ds, calcitriol) and
its nuclear receptor, vitamin D; receptor (VDR), play

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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a central role in regulating the entire process of Ca**
transport and regulation.

The renal absorption of Pi also occurs via two pathways:
an active, transcellular sodium-dependent and a passive,
paracellular pathway. Sodium-dependent phosphate co-
transporter 2a and 2¢ (Npt2a and Npt2c) are exclusively
expressed on the apical membrane of proximal RTECs and
are responsible for transcellular Pi transport . However,
the mechanism by which Pi is extruded at the basolateral
membrane of RTECs remains unclear.

Systemic Ca”*/Pi homeostasis is mainly maintained
through crosstalk among cells of the gastrointestinal tract,
bone, kidney, and parathyroid gland. The coordinated
action of transport proteins and regulatory factors, such
as 1,25(0OH),D;, parathyroid hormone, calcitonin ¢,
fibroblast growth factor 23, and aKlotho 7, constitute the
key molecular mechanisms that ensure the maintenance
of this homeostasis.

In addition to the aforementioned hormones and cytokines,
STCI appears to be another key player in this intricate
regulatory network contributing to Ca**/Pi homeostasis
in mammals, just similar to the function of its homolog
(STC) in fish. Beyond its function in mineral homeostasis
regulation, STC1 exhibits a wide range of effects, including
promoting cell proliferation ®, anti-inflammatory and anti-
oxidative activities '), and mitigating nerve damage '\
Furthermore, STC1 is expressed in almost all tissues >4
but is typically absent from the circulation, suggesting that
it may function as a paracrine/autocrine factor rather than
as a classical endocrine hormone 1.

Although STC1 is expressed in multiple tissues and
organs across various species and is involved in diverse
biological and pathological processes, its regulatory
effects on Ca?/Pi homeostasis are conserved. However,
the precise molecular mechanism through which STC1
affects renal Ca’*/Pi transport has not been thoroughly
elucidated. This study will utilize a primary bovine renal
tubule epithelial cell model, as these cells exhibit closer
physiological similarities to the renal tubule of normal
cattle, to provide more precise insights into the role of
STCI in the active transport of Ca?*/Pi at cellular level, as
well as its potential molecular mechanisms responsible for
regulating bovine mineral metabolism.

MATERIAL AND METHODS
Ethical Statement

The experimental protocol was approved by the official
Committee on the Ethics of Animal Experiments of
Huaihua University [Approval no: 2024 (A01006)].

Primary Culture of Bovine RTECs

Primary bovine RTECs were isolated from the kidney
cortex of the 1-day-old Chinese Holstein calves. The

calves were humanely euthanized under anesthesia using
an electric shock apparatus (Jianhua Co., Ltd, Qingdao,
China). The kidney cortices were aseptically removed,
dissected and minced into small pieces in pre-cooled
D-HanKk’s buffer. The tissue was then ground using a 100-
mesh steel wire sieve and filtered through a 150-mesh
sieve. The retained cell clusters were collected and evenly
dispersed by pipetting. After two rounds of centrifugation
at 1200 rpm for 5 min each, the pellets were resuspended
in 1 mL of 1 mg/mL collagenase I (Sigma, St. Louis, USA)
and incubated at 37°C for 20 min with shaking. An equal
volume of DMEM/F12 containing 10% FBS (Gibco,
Carlsbad, USA) was then added to neutralize the enzyme.
Following another round of centrifugation at 1200 rpm
for 5 min, the pellet was resuspended in DMEM/F12
supplemented with 10% FBS, 100 U/mL penicillin, and
100 mg/L streptomycin and incubated at 37°C in a 5%
CO, atmosphere until confluent. Immunocytochemistry
staining was performed using mouse anti-PCK (Pan
Cytokeratin, #BM0034, Boster, Wuhan, China), CK18
(Cytokeratin 18, BM4594, Boster), and vimentin
monoclonal antibodies (BM0135, Boster) to distinguish
epithelial cells from other cell types in the culture, as
previously described . The MDBK (Madin-Darby
Bovine Kidney) cell line (GDC0290, CCTCC, Wuhan)
served as a positive control.

Construction of STC-1 Expression Vector

Total RNA was extracted from calf kidney using Trizol
reagent (Invitrogen, Carlsbad, USA) and converted to
cDNA by a cDNA Synthesis Kit (TaKaRa, Dalian, China).
Bovine full-CDS sequences of STCI were amplified using
the primers listed in Table 1. The purified amplicons
were digested with restriction enzymes BamHI and Xhol
(TaKaRa) and ligated into the pcDNA3.1(+) expression
vector (Invitrogen) using T4 DNA ligase (TaKaRa).
The resulting recombinant plasmid, confirmed by DNA
sequencing, was designated as pcDNA3.1/STCI1. The
extraction of endotoxin-free plasmid DNA from an
overnight culture of E. coli DH5a (Invitrogen) harboring
pcDNA3.1/STC1 was performed using a commercial kit
(D6926-03, Omega, Doraville, USA).

Design of Annealed Oligonucleotides of Small Hairpin
RNA (shRNA)

The shRNA oligonucleotide duplexes targeting bovine
STC1 were designed online (Invitrogen Block-iT RNAi
Designer) and synthesized by Huayu Gene Co., Ltd
(Wuhan, China), the sequences were as follows: 5'-ccgg
ggatgtacgacatctgtaaat ctcgag atttacagatgtcgtacatce tttttg-3'
(Forward oligo) and 5'-aattcaaaaa ggatgtacgacatctgtaaat
ctegagatttacagatgtcgtacatcc-3' (Reverseoligo). A functional
non-targeted shRNA sequence (Addgene plasmid#1864, a
gift from David Sabatini Lab) used as the negative control.
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Table 1. The primer sequences used in this study for gene clone and real-time gPCR analysis
Product Annealing
Gene Genebfmk Primer (5°-3’) Length Temperature
Accession No. o
(bp) (°C)
STC1 (f GGATCCCTCAGAGAATGCTCCAAAACTCA
dlone) OT 8N | NM_176669.3 744 60°C
CTCGAGCTCCCCAGCTAGGCACT
GCTTCTGGTGCTGGTGAT
STC1(for gPCR) | NM_176669.3 211 56°C
GAAGGATTTACAGATGTCGTAC
GATTCGCCTCAGCGTTCT
TRPV5 XM_010804626.3 148 56°C
GGCAAGTCCACATCGTAGTT
CAATGAAACTGACCCCCG
TRPV6 NM_001206189.1 195 56°C
CCGAGTATGGTCTGTCCGA
AACGCCATCCTGTCCAAT
Npt2a NM_001103223.1 122 56°C
AGAAGAGACCATGCTGACC
GTCATCAACGCCGACTTC
Npt2c XM_024999684.1 272 57°C
AAGTGGATGAGAGCGACCT
ACAGTGAGGACGAGGGGAA
VDR NM_001167932.2 110 59°C
CATTGTGTCTGGAGAGGAGGT
CTTAGATGGAGCCCTGGTT
NCX1 NM_176632.2 191 56°C
GAATACGGTAAAACGCTCG
ATAGAACAGTGGCTATGGTCAA
PMCA1 NM_174696.2 152 56°C
TCCGCTAACTCCTCCTCG
ACGGAAGTGGTTACCTGGA
CB-Dask NM_001076195.1 88 56°C
GATAACTCCAAACCAGCCTT
CACTCACTCTTCTACCTTCG
GAPDH NM_001034034.2 109 56°C
CACCACCCTGTTGCTGT
STC1, stanniocalcin-1; TRPV5 and 6, transient receptor potential vanilloid receptor subtype 5 and 6; Npt2a, sodium-dependent phosphate
co-transporter 2b; Npt2c, sodium-dependent phosphate co-transporter 2¢; VDR, vitamin D receptor; NCX1, sodium/calcium exchanger I;
PMCAL, plasma membraneCa**-ATPase 1; CB-D,, calbindin-D,  ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase

The yielded double-stranded oligonucleotides were cloned
into pLVX-Puro vector (TaKaRa) between the EcoRI and
Agel (TaKaRa) restriction sites. The recombinant vectors
designated STC1-shRNA and scrambled shRNA after
sequencing, respectively.

Transfection and Treatment of RTECs

RTECs were detached using 0.25% trypsin (Gibco), and
then seeded in a 6-well plate at a density of 2 x 10° cells/
well. Cells were incubated in growth medium until 60%-
70% confluence. After rinsing thoroughly with sterile
PBS, lipofectamine™ 3000 (Invitrogen) was employed to

transfect the cell with pcDNA3.1/STC1 (2.5 ug/well) or
an equivalent amount of pcDNA3.1(+), STCI-shRNA,
scrambled shRNA, or pLVX-puro plasmids. After a 48-h
incubation in growth medium, total RNA, protein, and
cells were harvested for further analysis.

To investigate whether STCI1 regulates Ca** absorption
through the 1,25(OH),D;/VDR axis, approximately 2
x 10° RTECs were seeded in 60 mm plates, cultured in
DMEM/F12 supplemented with 10% FBS, and treated
with either vehicle (0.1% ethanol) or 200 nM calcitriol
(HY-10002, MedChemExpress, Monmouth Junction,
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Table 2. The details of antibodies used in this study for western blotting
Antibody Name | Host Manufacturer Art. No. Dilution Ratio | Theoretical MW
STC1 Rabbit | Novus Biologicals, Littleton, USA | NBP1-59310 1:1,000 ~28 kDa
TRPV5 Rabbit Bioss, Beijing, China bs-8534R 1:600 ~90 kD
TRPV6 Rabbit Bioss bs-15506R 1:600 ~67 kD
Npt2a Rabbit | Novus Biologicals NBP2-85748 1:1,000 ~69 kD
Npt2c Rabbit Bioss bs-20801 1:400 ~63 kD
VDR Rabbit | ABclonal, Woburn, USA A2194 1:1,000 ~60 kD
NCX1 Rabbit Bioss bs-1550R 1:400 ~106 kD
PMCA1b Rabbit Bioss bs-4978R 1:600 ~138 kD
CB-D,,, Rabbit Bioss bs-3758R 1:600 ~29 kD
GAPDH Rabbit | Bioswamp, Wuhan, China AB36269 1:5.000 ~36 kD
ﬁrll;;rabbit IgG- Goat Servicebio, Wuhan SAB43714 1:10.000
STCI, stanniocalcin-1; TRPV5 and 6, transient receptor potential vanilloid receptor subtype 5 and 6; Npt2a, sodium-dependent phosphate co-
transporter 2b; Npt2c, sodium-dependent phosphate co-transporter 2¢; VDR, vitamin Ds receptor; NCX1, sodium/calcium exchanger 1; PMCAI,
plasma membrane Ca**-ATPase 1; CB-Dask, calbindin-Dasx; GAPDH, glyceraldehyde-3-phosphate dehydrogenase

USA) for 48 h. The cells were then transfected with 4 pg
pcDNA3.1(+) or pcDNA3.1/STC1, followed by incubation
in growth medium containing 0.1% ethanol or 200 nM
calcitriol for an additional 48 h. Two additional groups
of cells were treated with 250 nM MeTC?7 solubilized in
dimethylsulfoxide for 12 h following a 48-h exposure to
either 0.1% ethanol or 200 nM calcitriol 171, A separate
group of cells was treated with 200 nM calcitriol alone for
60 h as a positive control. Subsequently, cells and proteins
were harvested for further experiments.

Measurement of Intracellular Ca?* Concentration

RTECs from each group were detached and collected by
centrifugation. After three washes with PBS, cells were
resuspended with 0.5 pM Fluo-3/AM (S1056, Beyotime,
Shanghai, China) in PBS at 37°C for 30 min. Following two
additional washes with PBS, the cells were then incubated
in PBS at 37°C for 20 min. And then, the number of cells
with fluorescence intensity above the baseline (positive
cells) was measured using the NovoCyte™ flow cytometer
(ACEA Bio, San Diego, USA) with a 1-min recording.
NovoExpress software (ACEA) was used to collect and
calculate the original data.

Measurement of Intracellular Pi Concentration

After treatments, about 5 x 10° cells from each group
were detached and centrifuged at 1.200 x g for 5 min. The
resulting pellets (20 pL of packed cells) were resuspended
in 180 uL ddH,O (about 10% cytocrit) and sonicated for
30 sec with 50% pulses. Following a 15-min centrifugation
at 14.000 x g, the supernatants were collected and their
Pi contents were measured using a phosphomolybdic acid
kit (C006-1-1, Jiancheng, Nanjing, China). Briefly, 0.1 mL
supernatant from the previous step was mixed with 0.4
mL of precipitant included in the kit, then spun at 2.200 x

g for 10 min and the supernatant was sampled for testing.
A 0.5 mM phosphorus served as standard solution. Then,
0.2 mL of sample, standard solution, and ddH,O (blank
control) were added to different test tubes. Afterward,
2 mL of a reagent mixture containing ammonium
molybdate, antimony potassium tartrate, and ascorbic
acid was added to each tube. Optical density (OD) values
were measured at 660 nm and normalized using ddH,O.
The phosphate concentration in each tube was calculated

using the formula:
OD(Test sample) - OD(Blank control)

‘ . X 0.5mM X 5.
OD(Standard solution) = OD(Blank control)

Phosphate concentration (mM) =

Real-time qPCR

The real-time qPCR reactions were performed on the
CFX96 qPCR system (Bio-Rad, Hercules, USA), each
reaction containing 1.0 uL cDNA, 10 uL SYBR Green qPCR
Mix (KK4600, Kapa Biosystems, Wilmington, USA), 0.2
uM forward and reverse primers (Huayu gene) for each
gene (Table 1), and DNase/RNase-free H,O to reach a final
volume of 20 pL. After a 5-min pre-denaturation at 94°C,
the reactions proceeded with 40 cycles of amplification.
Each cycle consists of a 5-sec denaturation at 94°C, a
10-sec annealing at 56°C-59°C (Table 1), and a 25-sec
elongation at 72°C. A final extension step was performed
at 72°C for 5 min. The data were normalized to that of
GAPDH (data not shown).

Western Blotting

The ice-cold lysis buffer (P0013B, Beyotime) was used
to prepare cell lysates. After centrifugation at 14.000
x g for 15 min, the supernatants were collected and
standardized to 20 pg of protein per sample, then
subjected to electrophoresis on a 12% SDS/PAGE gel. The
separated proteins were transferred to PVDF membrane
(Millipore, Bedford, USA). Following a 1-h blocking with
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5% (w/v) non-fat milk, the membranes were incubated
overnight with diluted rabbit polyclonal antibodies (as
listed in Table 2). Immunoreactive bands were visualized
by enhanced chemiluminescence substrate. Western blot
band intensities were quantified with densitometry using
an automatic analyzer (Tanon-5200, Shanghai, China).

Statistical Analysis

Data from triplicate or quadruplicate samples were
subjected to one-way ANOVA using GraphPad Prism
9 software (San Diego, USA). All parameter values are
expressed as the mean + SEM. Statistical significance was
defined as a P value <0.05.

RESULT

Microscopic Observations of Primary Cell Culture and
Expression of STC1 in Transfected RTECs

After a 24-h incubation, microscopic observation showed
digestion with collagenase I for 20 min with shaking
yielded higher quality organoids and releasing abundant
individual cells with a cobblestone-like morphology from
disaggregated tubular fragments (Fig. I-A). Following a
series of purification steps, the cells evenly dispersed on
the T25 flasks, displaying polygonal or cuboidal shapes
with distinct borders (Fig. 1-B), and either dome-like or
flattened appearances under phase-contrast microscopy
(Fig. 1-C). The morphological characteristics of the
primary cultures closely resembled those of MDBK cells,
which are typical epithelial cells (Fig. I-D). Moreover,
both the primary cultures and MDBK cells exhibited
obvious immunoreactivity for PCK (Fig. I-E2,F2) and
CK18 (Fig. 1-E3,F3) but not for vimentin (Fig. 2-E4,F4) or
PBS (Fig. 2-E1,F1), suggesting that the primary cultures
predominantly consist of RTECs.

As Fig. 1-G shows the pcDNA3.1/STC1 plasmid
significantly increased STC1 mRNA expression over
90-fold (***P<0.001) compared to control (normal cells
grown in the same medium containing an equivalent
volume of lipofectamine reagent) and empty vector
groups, while STCI1-shRNA effectively inhibited it
(*P=0.0498 vs control), with no significant changes in
the empty vector or scrambled shRNA groups (P>0.05).
The western blotting (Fig. 1-H,I) further confirmed the
successful up- and down-regulation of STC1 expression
by pcDNA3.1/STC1 and STC1-shRNA, respectively.

Changes in the Intracellular Free Ca**/Pi
Concentrations

As shown in Fig. 2-A and 2-B, low STC1 expression group
induced by STC1-shRNA transfection possessed higher
levels of positive cells (*P=0.0189 vs control, *P=0.0123
vs scrambled shRNA group), while cells with high
expression of STC1 via pcDNA3.1/STC1 transfection

exhibited about half the positive signals compared to
those observed in the control group (*P=0.0338) and the
pcDNA3.1(+) transfection group (*P=0.0160), suggesting
downregulation of STC1 expression augments cellular
absorption of Ca?*, while upregulation inhibits it.

In addition, cells with low STC1 expression had a
lower Pi concentration in the diluted intracellular fluid
(**P<0.001, ~ 2.11 mM) compared to the control and
scrambled shRNA transfection groups ( 2.51 mM and 2.57
mM, respectively). In contrast, STC1 overexpression led to
a higher Pi concentration in the cells (***P<0.001, ~ 3.51
mM). A relatively higher Pi concentration in the diluted
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Fig 1. Characterization of morphology and immunocytochemistry in
primary cultures, and expressions of STCI in cells after transfection for
48 h. (A) Individual renal tubule epithelial cells displaying a cobblestone-
like morphology, originating from adherent organoid structures in the
primary cultures, scale bars=200 um. (B) Following a series of purification
steps, the cells evenly dispersed on the T25 flasks exhibiting an epithelioid
cell morphology, scale bars =500um. (C) The individual epithelial cell
exhibited a dome-like, rounded morphology when observed under a phase
contrast microscope, scale bars=200 um. (D) Normal growth of MDBK
cells displaying typical epithelioid cell morphology served as the positive
control, scale bars=200 pum. (E1) - (E4) The cells in primary cultures
stained with antibodies against PBS (as the negative control), PCK, CK18,
or vimentin, respectively, scale bars=20 pm (E1), 50 um (E2), 10 um (E3),
100 pum (E4). (F1) - (F4) MDBK cells stained with antibodies against PBS,
PCK, CK18, or vimentin, respectively, scale bars=50 um (F1- F4). (G) The
mRNA expressions of STC1 in RTECs analyzed by real-time qPCR. Each
column represents a triplicate experiment (***P<0.001, **P<0.01, *P<0.05,
stand for significant difference; ns stand for P>0.05, i.e., non-significant
difference). (H) STCI protein overexpression was assessed by western
blotting at 48 h after transfection with pCDNA3.1(+) or pCDNA3.1/
STCI. (I) Western blotting analysis to confirm the inhibition of STC1
protein expression in RTECs at 48 h post-transfection with STC1-shRNA,
compared with the negative control (scrambled shRNA) and empty vector
(pLVX-puro) transfected cells
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Fig 2. Changes in the intracellular free Ca’* and Pi concentrations in
RTECs. (A) Fluorescence histograms in the FITC-H channel from
Fluo-3/AM-stained (positive for FITC-H) cells were analyzed by flow
cytometry. The number of cells is displayed on the y axis and expressed
as a percentage of M2, while the fluorescence intensity is shown on the
x-axis. Each histogram is representative of a triplicate experiment. (B) Bar
chart shows the percentages of Fluo-3/AM-positive cells, as calculated
by flow cytometry. (C) Bar chart displays the intracellular Pi content in
different treatment groups measured by the reduced phosphomolybdate
photometric method. Note: Inhibition of STC1 by STC1-shRNA
significantly increased Ca’* intake (*P=0.0123) and markedly reduced Pi
influx (***P<0.001), whereas STC1 overexpression via pcDNA3.1/STC1
resulted in opposite effects. Each column represents a triplicate experiment
(**P<0.001, **P<0.01, *P<0.05, stand for significant difference; ns stand
for P>0.05).
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Fig 3. Bar chart showing the mRNA levels of Ca** and Pi transport proteins
in RTEC:s cells were assessed by real-time qPCR after various treatments.
Significant increases were observed in the expression levels of TRPV5,
TRPV6, and NCX1 mRNA, and the levels of Npt2a and Npt2c were
markedly inhibited, after 48 h transfection with STC1-shRNA. The mRNA
expression levels of PMCA1b and CB-D.s showed no significant changes
after the inhibition of STCI. By contrast, following the overexpression of
STCI via transfection with pcDNA3.1/STC1 for 48 h, a notable decrease
in the expression of TRPV5 and TRPV6 mRNA was observed, alongside
a significant increase in the mRNA expression of Npt2a and Npt2c. The
mRNA expression levels were corrected by GAPDH expression. Each
column represents a triplicate experiment (***P<0.001, **P<0.01, *P<0.05,
stand for significant difference; ns stand for P>0.05)
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Fig 4. The protein expression levels of Ca** and Pi transport proteins in
RTECs cells, as analyzed by western blotting after various treatments.
(A) and (B) Specific protein bands of transcellular Ca®* and Pi transport
proteins. The results illustrated that the protein expression levels of TRPV5
and TRPV6 decreased significantly, and the expression levels of Npt2a and
Npt2c promoted markedly, following transfection with pcDNA3.1/STC1,
whereas those of NCX1, PMCA1b, and CB-Ds appeared unchanged. (C)
and (D) Bar charts show the densitometric analysis of the specific bands
of the proteins listed in A and B, normalized to GAPDH and relative to
the control group. Data are plotted as the mean + SEM of three separate
experiments, *P<0.05 versus the control, as determined by one-way
ANOVA. The columns without marks represent a P>0.05

intracellular fluid indicates more Pi has been transported
into cells, suggesting STCI1 overexpression may stimulate
Pi uptake by cells (Fig. 2-C).

Effect of STC1 on the Expression of Ca** and Pi
Transporters

After 48h transfection, real-time qPCR analysis (Fig. 3)
showed significant increases in the mRNA expression
of TRPV5 (**P<0.001), TRPV6 (***P<0.001), and
NCX1 (**P=0.0091), and significant decreases in Npt2a
(*P=0.0304) and Npt2c (*P=0.0207) mRNA expression,
as observed in cells transfected with STCI1-shRNA
relative to control cells. By contrast, STC1 overexpression
significantly inhibited TRPV5 (**P=0.0092) and TRPV6
(*P=0.0278) mRNA expressions, and markedly enhanced
Npt2a (***P<0.001) and Npt2c (***P<0.001) mRNA
expressions. However, PMCA1b, and CB-D,5 mRNA
expressions appeared to be unaffected by the changes of
STCI expression (p>0.05).

Western blotting analysis (Fig. 4-A,C) further validates
that STC1 overexpression significantly decreased the
protein levels of TRPV5 and TRPV6, but not NCX1,
PMCAIlb or CB-Dy. Conversely, it increased Npt2a
and Npt2c levels (Fig. 4-B,D). Inhibition of STC1 had no
significant effect on these transporters. The densitometric
analysis confirmed these findings (Fig. 4-C,D).

The Interaction of STC1 with the 1,25(0OH),D;/VDR
Axis

After transfecting the cells with various plasmids and
vectors, the results showed that STC1-shRNA transfection
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Fig 5. The interaction of STC1 with the 1,25(OH),Ds/VDR axis was determined by real-time qPCR, western
blotting, and flow cytometry in the RTECs. (A) Real-time qPCR analysis of VDR mRNA expressions.
Transfection with STC1-shRNA for 48 h significantly enhanced VDR mRNA expression (***P<0.001), while
transfection with the recombinant plasmid pcDNA3.1/STC1 notably inhibited its expression (**P=0.0020).
(B) Western blotting analysis of VDR protein expression. (C) Densitometric analysis of the VDR protein
bands in (B), normalized to GAPDH and expressed relative to the control group. The findings revealed that
a 48-h transfection with pcDNA3.1/STCI significantly suppressed VDR protein expression (*P=0.0285 vs.
empty vector transfection group), while STC1-shRNA transfection had no significant effect on its expression
(P>0.05). (D) The changes of [Ca*7],) in RTECs were visualized using Fluo-3/AM staining and analyzed by
flow cytometry. The cells were treated with 1% alcohol (control) or 200 nM calcitriol and then transfected with
PcDNA3.1(+) or pcDNA3.1/STC1 as indicated. The results demonstrated that transfection with pcDNA3.1/
STC1 significantly decreased the [Ca®'].in both untreated cells (**P=0.0081) and cells subjected to 200 nM
calcitriol treatment (***P<0.001). Additionally, treatment with 250 nM MeTC7 for 12 h also significantly
reduced the elevated [Ca*'], induced by 48-h calcitriol treatment (**P=0.0080). Each histogram represents the
median of data from a single experiment (n=3) (F) and (G) TRPV5 expression in RTECs following 200 nM
calcitriol treatment and plasmid transfection, as detected by western blotting and densitometry. The results
indicated with transfection of the empty vector, 200 nM calcitriol increased TRPV5 expression following 2
days of treatment (***P<0.001). However, delivery of pcDNA3.1/STC1 to RTECs markedly weakened TRPV5
expression compared with pcDNA3.1(+) empty vector, even under 200 nM calcitriol treatment (***P<0.001)
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enhanced VDR mRNA expression To further investigate whether STCI regulates cellular

(**P<0.001, Fig. 5-A). However, it did not significantly
promote VDR protein expression (P>0.05, Fig. 5-B,C). In
contrast, transfection with pcDNA3.1/STC1 remarkably
suppressed both VDR mRNA (**P=0.0020, Fig. 5-A) and
protein expression (**P=0.00285, Fig. 5-B,C).

mineral absorption via 1,25(OH),D,;/VDR axis, we
enforced the expression of STC1 or treated cells with
the VDR antagonist MeTC7 for 12 h in primary RTECs
pre-treated with the VDR agonist calcitriol for 48 h. Flow
cytometry results (Fig. 5-D,E) showed that transfection



178
Stanniocalcin-1 Regulates Ca’*/Pi Influx

Kafkas Univ Vet Fak Derg

with the control vector pcDNA3.1(+) had no influence
on calcitriol-induced Ca** absorption enhancement
(*P=0.0230, compared with the group transfected with the
control vector only). However, overexpression of STCI,
achieved via pcDNA3.1/STC1 transfection, significantly
reduced the rate of detectable positive cells from an
average of 8.87% (induced by 200 nM calcitriol) to ~2.67%
(***P<0.001, compared with the calcitriol-treated and
control vector-transfected group). In addition, after 48
h of calcitriol treatment followed by MeTC7 treatment,
the detectable positive cell rate was notably reduced to
an average of 3.34% from 9.39% (**P=0.0080, compared
with the only calcitriol-treated group), achieving the same
effect as STCI overexpression.

To complement the above findings, the regulation of
TRPV5 expression by STCI and calcitriol was further
investigated. Pre-treatment with pcDNA3.1/STC1, without
calcitriol, evidently inhibited TRPV5 protein expression
(*P=0.0152 vs. control vector-transfected group).
Exposure of the cells to 200 nM calcitriol for 48 h followed
by a transfection with the control vector up-regulated
TRPV5 protein expression (***P<0.001 vs. control vector-
transfected group). However, this trend was significantly
reversed (***P<0.001 vs. calcitriol + pcDNA3.1/STC1
group) when cells were co-transfected with pcDNA3.1/
STC1 (Fig. 5-E G).

Di1sSCUSSION

In dairy cattle, maintaining proper Ca*'/Pi balance is vital
for optimal milk production and preventing conditions
like hypocalcemia, which is a common issue in post-
partum cows. Elucidating the hormonal mechanisms
governing Ca*'/Pi regulation in dairy cows is essential
for their homeostatic maintenance. Understanding these
mechanisms can lead to better management practices
and enhanced animal care in the dairy industry. STC1,
a mineral-regulating hormone first identified in fish, is
believed to play a crucial role in mammals as well.

Given the fact that numerous reports have indicated that
STCI appears to have a minor role in systemic Ca*'/Pi
homeostasis in mammals, it nevertheless exerts a crucial
regulatory role in cellular-level Ca?/Pi transport [l
However, the mechanism by which STC1 influences Ca**/
Pi transport remains poorly understood. Our previous
work demonstrated that STC1 upregulation in Caco2
cells suppressed the expression of TRPV5 and especially
TRPV6 ¥ and short-term exposure to low Pi and high
Ca** concentration could stimulate the expression of STC-
1 in RTECs, whereas its expression could be suppressed by
prolonged exposure to either low or high concentrations
of both Pi and Ca?* (Data that has not been published
in international journals). However, these data failed to
reveal the interplay among STC1, channels, VDR, and
Ca** absorption. In this study, we found that Ca** uptake

decreased significantly after STC1 overexpression, while
inhibiting STC1 had the corresponding opposite effect,
suggesting that STC1 inhibits Ca®* transport in bovine
cells just similar to its function in intestinal tracts of swine
and rats Y. Our current research also demonstrates that
STC1 influences cellular Ca**/Pi homeostasis, potentially
by regulating the expression of TRPV5/6 channels, as
suggested by our previous findings. These data further
confirmed that ion transporters are the target of STCI,
either directly or indirectly, regardless of the cell type,
i.e., renal cells, intestinal cells ", cardiomyocytes ),
zebrafish (Danio rerio) embryo cells 2, or gill cells 2.
Intriguingly, the downregulation of STCI led to a notable
upregulation of TRPV5/6 mRNA expression, whereas
the corresponding protein levels remained unchanged.
It is possible that the function of STC1 in mammalian
mineral homeostasis regulation is minor or may have
been compensated by alternative mechanisms or factors.

The present work found that both the mRNA and protein
levels of CB-D,g and PMCA1b were relatively unaffected
by STCI changes. Interestingly, the changes in STCl1
expression only affect the expression of NCX1 mRNA
markedly, not the protein, this was potentially associated
with the fact that NCX1 serves as the primary extrusion
mechanism in renal cells, where the role of PMCA1b
may be of less importance .. Combining the previous
findings "2, this finding further confirmed that STC1
does not influence ATP-driven Ca®* efflux and Na*/Ca**
exchange, or cytosolic diffusion.

This study showed VDR protein levels in RTECs were
markedly influenced by altering STC1 expression,
specifically by STCI overexpression. This suggests that, at
least in RTECs, modulating the function of 1,25(0OH),D./
VDR axis, a crucial pathway for calcium absorption 24,
is a potential mechanism by which STC1 regulates the
Ca** transcellular transport. Additionally, this work found
that STC1 overexpression could enhance Pi absorption in
RTECs, similar findings were observed in the duodenum
of porcine and rats [}, as well as in the proximal tubules
of fish ® Our findings further revealed that the
enhancement of Pi absorption in RTECs was triggered by
STC1 overexpression, probably achieved by upregulating
the expression of Npt2a/2c, the channels mediating
Pi entry.

This study supports the hypothesis that STC1 plays a
conserved role in preventing Ca** transport and promoting
Pi reabsorption in RTECs, specifically, were achieved by
regulating Ca®*/Pi influx processes mainly via impacting
TRPV5/6 and Npt2a/2c expressions, respectively. STC1
appeared to have little significant effect on the Ca?'/
Pi intracellular diffusion and extrusion. Interestingly,
the increase/inhibition in Ca?*/Pi influx induced by the
downregulation of STCI seemed to be uncoupled to
these channels, its downregulation possibly promotes
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other mechanisms mediating Ca?*/Pi absorption, which
will be the focus of our future research. Given the fact
that the broad distribution, diverse functions, minimal
effects on body growth and development in STC1¢"
mice "**) and the contradictory functions in multiple
cancer cells ¥, indicating a need for in-depth investigation
into the molecular mechanisms of STCI to determine the
commonality of its effects.

This research can contribute to the development of
better feeding strategies, enhanced disease prevention,
and improved animal care, making it essential for
both agricultural and biomedical fields. Additionally,
understanding bovine Ca®'/Pi regulation offers valuable
insights into human health, particularly in the context of
bone diseases and mineral metabolism.
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