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Abstract
Stanniocalcin-1 (STC-1) is a glycoprotein hormone involved in calcium/phosphorus metabolism and
direct inhibition of bone and muscle growth. The aim of this study was to investigate the STC-1 gene with
respect to the regulatory mechanisms of porcine growth metabolic pathways involving autophagy. PK15
cells were used in this study as control group (CON) cells, and STC-1 gene-knockout PK15 (STC-KO) cells
constituted the experimental group. These two groups of cells were subjected to serum starvation to
induce autophagy (SCON and SSTC-1 groups). Western blotting was used to detect the expression of
autophagy-and mitochondrial function-related proteins, and �ow cytometry was used to detect apoptotic
cells. Changes in the autophagosome and mitochondrial structure and morphology were observed by
electron microscopy. The expression of the autophagy-related proteins LC3B and Parkin was detected by
laser scanning confocal microscopy. The results showed that in the CON group and STC-KO group after
serum starvation, Pink1 and Parkin expression levels were increased to an extremely high level of
signi�cance (P <0.01); LC3B expression was signi�cantly increased (P <0.05); and SQSTM1/P62
expression was increased at an extremely signi�cant level (P < 0.01). Electron microscopy revealed that
the cells in the serum starvation treatment group all produced autophagosomes. The �uorescence
intensity of GFP-LC3B and GFP-Parkin increased signi�cantly (P<0.05), indicating that autophagy was
successfully induced by serum starvation. After serum starvation, compared to the levels in the CON
group, the Bax/Bcl-2 ratio, Pink1 and Parkin protein levels were profoundly reduced in the STC-KO group,
at an extremely high level of signi�cance (P<0.01). In addition, under serum starvation, the increase in
Mfn2, OPA1, and DRP1 proteins was attenuated; the increase in LC3B protein content was signi�cantly
attenuated (P<0.05); the decrease in LC3B protein content was signi�cantly attenuated (P<0.05); the
increase in the apoptosis rate was signi�cantly attenuated (P<0.05); the decrease in membrane potential
was extremely signi�cant (P<0.01); the increased amount of active oxygen was signi�cantly attenuated
(P<0.05); the decrease in ATP was reversed, and this increase was extremely signi�cant (P<0.01); the
�uorescence intensity of GFP-LC3B was increased; and the increased �uorescence intensity of GFP-
Parkin was attenuated signi�cantly (P<0.05). These results indicate that autophagy can be caused by
serum starvation. Knocking out the porcine STC-1 gene had an obvious-antiapoptotic effect on cells. The
inhibition of serum starvation induced autophagy. This is the �rst study to show that the porcine STC-1
gene confers self-protection in the absence of nutrients, laying the foundation for studying the related
mechanism. Knockout cells were used for further study of STC-1 to provide a theoretical basis for
studying the effect of STC-1 on pig growth and development.

1. Introduction
STC-1 is a glucocorticoid that was �rst identi�ed in �sh, is released by Steny's microsomes and can
inhibit calcium absorption in the gills and intestine, promote phosphate absorption in the kidney and
regulate calcium/phosphorus homeostasis1. In mammals, STC-1 is expressed in a variety of tissues, is
mainly found in the kidneys and intestines and is an important autocrine and paracrine molecule. Its
main function is to in�uence development by regulating calcium/phosphorus homeostasis and bone
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metabolism in vivo, as well as to prevent the normal production of triphosphate adenosine (ATP) by
uncoupling proteins in mitochondria 2,3. STC-1 has been found to be a potent active oxygen scavenger in
animals. Knocking out STC-1 in animals resulted in an increase in reactive oxygen species (ROS), which
affected ROS-mediated biological effects, speci�cally affecting phosphorylation of certain proteins,
increasing superoxide dismutase activity and decreasing caspase-3, P52, IL-6 and interferon-γ expression,
thereby increasing anti-in�ammatory/antioxidant/anti-apoptotic activity 4,5. Studies have shown that
transgenic mice with STC-1 gene overexpression exhibit better disease resistance but have a signi�cantly
smaller body size 6,7. Adenosine 5’-monophosphate-activated protein kinase (AMPK) controls energy
metabolism by sensing the level of ATP in the cell. It is also called an "energy detector". Studies have
shown that STC-1 can promote the expression of utilizable crude protein 2 (UCP2) and Sirtuin 3 (Sirt3) in
kidney tissue by activating AMPK. STC-1 expression most likely mediates protein coupling by activating
AMPK in certain tissues, such as muscle 8.

Autophagy is a survival mechanism of cells threatened by stress-induced death. Autophagy is induced by
a variety of conditions, and amino acids and other small molecules are produced during autophagy
because the degraded components of cells can be recycled as building blocks or to produce energy 9.
Under starvation conditions, mammalian target of rapamycin (mTOR) is inactivated, and AMPK is
activated, which promotes autophagy by catalysing the phosphorylation of serine residues at positions
317, 467, 555, 574, 637 and 777 of ULK110,11. Several studies have shown that an increase in
autophagy in a variety of cells can be induced by serum starvation, and in biological organisms, the
autophagic process is often initiated under starvation conditions because it helps maintain a the body's
internal environment in a steady state12,13. By comparing the expression of the STC-1 gene in different
tissues of pigs with different body types, YANG et al. showed that the expression level of STC-1 in Bama
mini pigs was signi�cantly higher than that in large white pigs. Bama mini pigs were domesticated from
wild pigs in recent years, and they are relatively small and exhibit disease resistance and other
characteristics14. Our previous studies on the effects of STC-1 on cell metabolism revealed that changes
in STC-1 gene expression levels are closely related to mitochondrial function. A previous study proved
that this gene and related signalling pathways are important in maintaining normal mitochondrial
function and have been implicated in the development of pig body size. However, the effect of the STC-1
pathway on cell metabolism is unclear, and whether it exerts its biological effects through the autophagic
pathway needs to be further investigated. In this study, the authors investigated whether the STC-1 gene
has biological effects through the autophagy pathway by measuring cell metabolism and mitochondrial
function indicators. By using serum starvation to starve cells and induce autophagy, this study may
establish the basis for a deeper understanding of the effects of STC-1 on the growth and development of
pigs.

2. Results

2.1 Western blot analysis
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The expression of the STC-1 protein was detected by Western blot analysis. GAPDH was the internal
control. The relative expression of each target protein was determined by the ratio of the grey value of the
target protein band and the grey value of the internal control. The relative expression of the STC-1 protein
in the CON group and STC-KO group was 0.47±0.1 and 0.15±0.05, respectively. Compared with that of the
Con group, the relative expression of the STC-1 protein in the STC-KO group was lower to extremely
signi�cant level (P<0.01) (Figure 1). 

The western blot analysis of apoptosis-related proteins showed that the ratio of Bax/Bcl-2 in the CON and
SCON groups was 0.18±0.01 and 0.4±0.04, respectively. The Bax/Bcl-2 ratios of the STC-KO and SSTC-
KO groups were 0.13±0.04 and 0.27±0.03, respectively. After starvation, the ratio of Bax/Bcl-2 in the CON
group and STC-KO group increased by 0.22±0.05 and 0.14±0.07, respectively. The increase in the
Bax/Bcl-2 ratio in the CON group after serum starvation was signi�cantly higher than that in the STC-KO
group after serum starvation (P<0.01) (Figure 2).

The western blot analysis of mitochondrial fusion- and �ssion-related proteins in each group showed that
the relative expression levels of Mfn2, OPA1 and DRP1 in the CON group were 0.09±0.04, 0.63±0.13 and
0.22±0.07, respectively. The relative expression levels of Mfn2, OPA1 and DRP1 in the SCON group were
0.19±0.08, 1.59±0.14 and 0.37±0.05, respectively. The relative expression levels of Mfn2, OPA1 and DRP1
in the STC-KO group were 0.14±0.03, 0.34±0.06 and 0.42±0.19, respectively. The relative expression levels
of Mfn2, OPA1 and DRP1 in the SSTC-KO group were 0.18±0.1, 0.68±0.11 and 0.48±0.03, respectively.
After serum starvation, the relative expression levels of the Mfn2, OPA1, DRP1 proteins increased by
0.1±0.12, 0.96±0.27 and 0.15±0.12 and by 0.04±0.04 and 0.34±0.17 and 0.06±0.22 in the CON group and
STC-KO group, respectively. After serum starvation, the protein levels of Mfn2, OPA1, and DRP1 in the
CON group were signi�cantly higher than those in the STC-KO group (P<0.05) (Figure 3). 

The western blot analysis of autophagy proteins showed that the relative expression levels of PTEN
induced putative kinase 1(PINK1)and Parkin in the CON and SCON groups were 0.47±0.19 and 0.16±0.02
and 1.76±0.35 and 1.12±0.15, respectively. The relative expression levels of PINK1 and Parkin in the STC-
KO group were 0.62±0.18 and 0.11 ±0.02, respectively, and they were 0.83±0.35 and 0.13±0.06 in the
SSTC-KO group, respectively. After serum starvation, in the CON group and STC-KO group, the Pink1 and
Parkin protein levels increased by 1.29±0.54 and 0.96±0.17 and by 0.21±0.53 and 0.02±0.08, respectively.
The increase in Pink1 and Parkin in the STC-KO and SSTC-KO groups was less than the relative
expression of Pink1 and Parkin after serum starvation in the CON group (P<0.01) (Figure 4). 

The relative protein expression level of LC3B in the CON and SCON groups was 0.13±0.01 and 0.21±0.05,
respectively. The relative protein expression level of LC3B in the STC-KO and SSTC-KO groups was
0.18±0.03 and 0.2±0.03, respectively. After serum starvation, the relative expression of LC3B protein in the
CON group was signi�cantly increased by 0.08±0.06 and 0.02±0.06, respectively, in the STC-KO group.
The increase in the relative expression of the LC3B protein after serum starvation in the CON group was
signi�cantly higher than that in the STC-KO group after serum starvation (P<0.05) (Figure 5). 
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The relative expression of P62 protein in the CON and SCON groups was 1.43±0.04 and 0.17±0.01,
respectively. The relative expression levels of STC-KO and SSTC-KO histones were 0.32±0.03 and
0.13±0.02, respectively. The relative expression of P62 protein in the CON group and STC-KO group after
serum starvation decreased by 1.26±0.05 and 0.19±0.05, respectively. The relative expression of P62
protein decreased signi�cantly after serum starvation in the CON group compared with the STC-KO group
(P<0.01) (Figure 5). 

2.2 Cell apoptosis rate analysis
The apoptosis rate of each group was determined by �ow cytometry. The results showed that the
apoptosis rate of the CON and SCON groups cells was 6.95±0.01% and 13.17±0.03%, respectively. The
apoptotic rate of the STC-KO and SSTC-KO group cells was 3.94±0.02% and 5.15±0.02%, respectively.
After serum starvation of the CON group and STC-KO group, the apoptosis rate increased by 6.22±0.04%
and 1.21±0.04%, respectively. After serum starvation, the apoptosis rate of the STC-KO group cells was
signi�cantly lower than that of the CON group cells (P<0.01). The apoptotic rate of the CON group and
STC-KO cells was signi�cantly increased under autophagy (P<0.05), and the apoptosis rate of the STC-
KO group cells was signi�cantly decreased (P<0.05) (Figure 6). 

2.3 Mitochondrial membrane potential analysis
A mitochondrial membrane potential analysis showed that the red-green �uorescence ratio in the CON
and SCON groups was 3.15±0.13% and 2.57±0.1%, respectively. The red-green �uorescence ratio of the
STC-KO and SSTC-KO groups was 1.44±0.1% and 1.17±0.1%, respectively. The mitochondrial membrane
potential decreased by 0.58±0.23% and 0.27±0.2% after serum starvation in the CON group and STC-KO
group, respectively. The reduction in cell mitochondrial membrane potential in the STC-KO after serum
starvation group was signi�cantly lower than that in the CON group after serum starvation (P<0.01)
(Figure 7). 

2.4 Mitochondrial reactive oxygen species (ROS) analysis
Mitochondrial ROS analysis showed that the ROS ratio of the cells in the CON and SCON groups was
40.55±1.75% and 60.28±0.96%, respectively. The ratio of reactive oxygen species in the STC-KO and
SSTC-KO groups was 83.35±1.65% and 98.25±3.05%, respectively. The ratio of reactive oxygen species in
the CON group and STC-KO group after serum starvation increased by 19.73±2.71% and 14.9±3.7%,
respectively. The increase in mitochondrial reactive oxygen species in the STC-KO and SSTC-KO groups
was signi�cantly lower than that in the CON and SCON groups (P<0.05) (Figure 8). 

2.5 ATP analysis
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The mitochondrial ATP of the cells was detected by �ow cytometry, and the mitochondrial ATP ratios of
the CON and SCON groups were 3.4±0.1% and 2.3±0.3%, respectively. The mitochondrial ATP ratios of the
STC-KO and SSTC-KO groups were 6.1±0.8% and 3.2±0.1%, respectively. The cell content in the CON
group and STC-KO group after serum starvation was reduced by 1.1±0.4% and 2.9±0.9%, respectively.
The reduction in ATP in the STC-KO group after serum starvation was signi�cantly higher than that in the
CON group after serum starvation (P<0.01) (Figure 9). 

2.6 The number and morphological changes of cell
mitochondria and autophagosomes
The number and morphological changes of mitochondria and autophagosomes in each group of cells
were detected by transmission electron microscopy. The results showed that the cells in the CON group
exhibited complete cell morphology and structure, intact mitochondrial morphology and structure, and no
autophagosome production. In the SCON group, the cell morphological structure of the cells was
complete; however, the mitochondria were enlarged and wrinkled with an increased number of cristae,
which were blurry, and autophagic vesicles were produced. In the STC-KO group, the cell morphology and
structure were also complete; however, the number of mitochondria in the cells was increased, the
mitochondria were damaged, and the mitochondrial crest was blurred. In the SSTC-KO group, the
morphology and structure of the cells were complete, but the mitochondrial morphology changes varied,
with the number of mitochondrial cristae increased and the cristae blurred. Autophagosomes were
produced (Figure 10). 

2.7 Immuno�uorescence analysis
Through the immuno�uorescence technique, a confocal laser microscope was used to detect
�uorescence changes. The results showed that the �uorescence values of GFP-LC3B and GFP-PRKN (633
nm) (green �uorescent protein) in the CON group were 63.11±0.18 and 73.56±2.7, respectively. The
�uorescence values of GFP-LC3B and GFP-PRKN in the SCON group were 77.04±2.26 and 98.78±3.27,
respectively. The �uorescence values of GFP-LC3B and GFP-PRKN in the STC-KO group were 63.02±0.25
and 80.98±0.16, respectively. The �uorescence values of GFP-LC3B and GFP-PRKN in the SSTC-KO group
were 76.24±0.93 and 86.49±1.68, respectively. The �uorescence intensity of DAPI and MitoTracker
red(MTR) decreased after serum starvation in the CON group and STC-KO group, and the �uorescence
intensity of GFP-LC3B and GFP-PRKN (633 nm) was extremely and signi�cantly increased (P<0.01). The
�uorescence intensity of GFP-LC3B increased after serum starvation in the CON group, which was lower
than that in the STC-KO group after serum starvation (Figure 11). The increase in GFP-PRKN �uorescence
intensity after serum starvation in the CON group was signi�cantly higher than that in the STC-KO group
after serum starvation (P<0.05) (Figure 12). The results showed that the autophagy-related protein
produced after serum starvation in the CON group was signi�cantly higher than that in the STC-KO group
after serum starvation (P<0.05). 
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3. Discussion
The porcine STC-1 gene is expressed in multiple tissues, mainly in the kidney and intestine, to regulate
calcium/phosphorus homeostasis through autocrine or paracrine pathways15. Studies have shown that
the STC-1 gene is closely related to cell growth, metabolism and mitochondrial function, but the speci�c
mechanism of the effect of STC-1 remains unclear 14. Autophagy is a dynamic equilibrium process that
clears protein aggregates and damaged organelles through the autophagosome system16. In this study,
porcine PK15 cells and STC-KO cells were treated by serum starvation to induce autophagy, and then, the
function and role of STC-1 in autophagy and mitochondrial function were determined.

Mitochondria are dynamic organelles that maintain their morphological and numerical equilibrium
through fusion and division, which are closely associated with the number of genes and their encoded
proteins. The fusogenic gene Mfn2 is located in the outer mitochondrial membrane and is related to the
regulation of OPA1 in mitochondria. When Mfn2 is absent, OPA1 is unable to induce mitochondrial
fusion, and similarly, when OPA1 is absent, Mfn2 is unable to function as a fusion agent 17,18. When
mitochondrial division occurs, the mitochondrial �ssion-associated protein DRP1 is recalled to the
mitochondria. In this study, the mitochondrial intimal fusion protein OPA1, mitochondrial outer membrane
fusion protein Mfn2 and mitotic protein DRP1 were measured to determine whether mitochondrial
function was impaired after STC-1 knockout and to determine the difference between normal cells and
knockout strains under autophagy conditions. This study found that the expression of Mfn2, OPA1, and
DRP1 increased in the CON and STC-KO groups after serum starvation. Compared with that in the CON
group after serum starvation, the increase in Mfn2, OPA1 and DRP1 in the STC-KO group was
signi�cantly reduced after serum starvation. These results indicate that STC-1 gene knockout can
stabilize the cell state and maintain mitochondrial autophagy by promoting mitochondrial dynamics and
maintaining mitochondrial function. The morphology and structure of mitochondria in each group were
observed by transmission electron microscopy. After STC-1 knockout, the number of mitochondria in the
cells was increased, the mitochondrial cristae became blurred, and the mitochondria were swollen and
shrunken. These results indicate that knocking out the STC-1 gene in PK15 cells can promote the
production of mitochondria, but it has a negative impact on the morphology and structure of
mitochondria, thereby inhibiting mitochondrial function.

Mitochondria determine the survival and death of cells and maintain the function and activity of cells.
These physiological processes are collectively called mitochondrial homeostasis 19. Mitochondrial
autophagy is an important regulatory mechanism of mitochondrial homeostasis in eukaryotes, and
elaborate regulatory systems are required to maintain this homeostasis. The mechanisms depending on
mitochondrial autophagy in mammals include Parkin-dependent and Parkin-independent mechanisms
20,21. In this study, we examined the mechanism of Parkin-dependent mitochondrial autophagy, that is,
autophagy mediated by Parkin and the mitochondrial outer membrane protein PINK1, and detected the
role of the STC-1 gene in autophagy induced by serum starvation. PINK1 and Parkin are the main
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pathogenic proteins of Parkinson's disease and accumulate in damaged mitochondria. Under normal
circumstances, PINK1 enters the intramitochondrial cavity through the translocator of the outer
mitochondrial membrane (TOM), interacts with the translocator of the inner mitochondrial membrane
(TIM), and �nally is transferred to the inner mitochondrial membrane. PINK1 is broken down by
Presenilin-associated rhomboid-like protease (PARL) on the inner membrane to maintain low expression
levels 22,23. Parkin is an E3 ubiquitin ligase that is inhibited under homeostasis. PINK1 is expressed on
the surface of dysfunctional mitochondria, where it simultaneously recruits and activates Parkin 24. This
study found that the relative protein expression levels of PINK1 and Parkin in the STC-KO group were
lower than those in the CON group. However, when these cells were deprived of serum, a greater decrease
in PINK1 and Parkin proteins was found after STC-1 knockdown compared to the decrease in the normal
cell group. This �nding indicates that when the STC-1 gene is knocked out, the cell will activate
autophagic �ux due to the self-protection mechanism and then promote the occurrence of autophagy.
After serum starvation treatment, compared with SCON group cells, SSTC-KO group cells inhibited
autophagy. Observation by laser scanning confocal microscopy showed that after STC-1 gene knockout,
the Parkin protein in the cells was higher than that in the CON group, while the number of cells in the
SSTC-KO group was lower than that in the SCON group. Through electron microscopy, it was observed
that when the STC-1 gene was knocked out, the mitochondria in the cells were damaged, promoting the
production of autophagy precursors. Cells produce autophagosomes through a self-protection
mechanism, thereby inhibiting apoptosis and maintaining homeostasis.

The detection of the autophagy-related protein LC3B is currently the most widely used measure for
detecting autophagic �ux. The reduction in LC3B-II is related to excessive activation or blockade of
autophagic �ux. In this study, a signi�cant increase in LC3B expression in the SCON and SSTC-1 cells
was detected by GFP-LC3B laser confocal microscopy. The most important truck protein of selective
autophagy, P62, is the bridge between LC3B and the substrate for degradation by ubiquitin. The content
of P62 increases when autophagic �ow is inhibited, and in contrast, the level of P62 decreases when
autophagic �ow is initiated 25,26. In this study, the decrease in P62 protein in the SCON group was
signi�cantly greater than that in the SSTC-KO cell group. This outcome shows that when the STC-1 gene
is knocked out, the autophagic �ow is accelerated, indicating that knocking out the STC-1 gene can
accelerate cell renewal and exert a certain protective in�uence on mitochondrial damage.

ROS are oxygen-containing active substances that can destroy proteins, lipids, nucleic acids and other
biological molecules, thereby damaging cells and tissues. Studies have shown that STC-1 can inhibit the
production of ROS and is an effective oxygen scavenger 8. The results of this study found that ROS and
ATP levels in the STC-1-knockout group were much higher than those in the normal group, and the
number of cells in the serum-starved group was higher than that in the normal group. The membrane
potential of the STC-1- knockout group under serum starvation conditions decreased to a greater extent
than that of the normal group. These results indicate that apoptosis was inhibited after STC-1 gene
knockout, and the apoptosis rate after serum starvation treatment was much lower than that of the
normal group after treatment. Bcl-2 protein has a clear anti-apoptotic effect. BAX is a member of the BCL
family and an essential proapoptotic factor. BAX binds to heterodimers (BAX/Bcl-2) to inhibit apoptosis;
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the smaller the normal BAX/Bcl-2 ratio is, the stronger the antiapoptotic effect. Western blotting was used
to detect Bcl-2 and Bax, and it was found that when the expression of Bax increased, the relative
expression of the Bcl-2 protein increased to a greater extent in the STC-KO group. These results indicated
that STC-1 gene knockout had an antiapoptotic effect. The results of this study once again proved that
STC-1 cells have an anti-apoptotic effect on the molecular level and better anti-apoptotic ability after
STC-1 knockout under serum starvation conditions.

In general, this is the �rst time that the effect of STC-1 gene knockout on porcine kidney PK15 cells was
examined by serum starvation-induced autophagy. Porcine STC-1 gene knockout has an obvious
antiapoptotic effect on cells and can inhibit the autophagy induced by serum starvation to ensure the
long-term survival of cells. In this study, the mechanism of autophagy in the cells expressing the porcine
STC-1 gene in the absence of nutrients was preliminarily explored, laying the foundation for studying the
regulation and application of body functions after the STC-1 gene is knocked out.

4. Materials And Methods
All experiments were completed at the College of Veterinary Medicine, Yangzhou University. Porcine
kidney epithelial (PK15) cells were supplied by the Shanghai Cell Bank of China. The porcine STC-1 gene-
knockout PK15 cell line was prepared and preserved by experiment in this study. The PK15 cells were
used as the control group (CON), and the STC-1 gene-knockout cells were used as the experimental group
(STC-KO). The control group of cells under serum starvation conditions is called the SCON group. The
experimental group consisted of STC-1 gene-knockout cells under serum starvation conditions and is
called the SSTC-KO group.

4.1 Western blot analysis
Researchers extracted the total protein from each group of cells and then performed sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE electrophoresis). After the proteins were
transferred onto membranes, hybridization detection was performed, and the following antibodies were
used: anti-STC-1 (1:1000, sc-14346, Santa Cruz, USA), anti-SQSTM1/P62 (1:800, ab233207, Abcam,
England), anti-LC3B (1:1000, ab229327, Abcam, England), anti-Parkin (1:1000, ab233434, Abcam,
England), anti-Pink1 (1:1000, #6946S, CST, USA), anti-Bcl-2 (1:500, sc-783, Santa Cruz, USA), anti-Bax
(1:500, sc-6236, Santa Cruz, USA), anti-OPA1 (1:500, NB110-55290, N0VUS), anti-Drp1 (1:500, sc-21804,
Santa, 2000), anti-Mfn2 (1:500, sc-50331, Santa Cruz, USA), anti-glyceraldehyde-3- phosphate (GAPDH)
(1:2000, sc-48166, Santa Cruz, USA). The speci�c experimental methods are described in the literature.

4.2 Flow cytometry
Cells for each test group were collected separately. An Annexin V-FITC apoptosis kit (C1062S, Beyotime,
China) and a cell cycle assay kit (C1052, Beyotime, China) were used to determine apoptosis rate and cell
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cycle distribution, respectively, by �ow cytometry following the kit manufacturer’s instructions. In addition
the cells in each group were analysed by �ow cytometry using JC-1 with a mitochondrial membrane
potential kit (C2006, Beyotime, China) according to the manufacturer’s instuctions. A reactive oxygen
species detection kit (S0033S, Beyotime, China) was used to detect ROS levels in each group of cells.

4.3 ATP Measurement
The cells of each test group were collected, and relative light unit(RLU) was tested with a kit according to
the manufacturer’s (S0026, Biyuntian, China) and a chemiluminescence analyser (BioTek, Vermont, USA).
The concentration of ATP in the sample was calculated according to the prepared standard curve.

4.4. Morphological changes of the mitochondria and
autophagosomes were observed by transmission electron
microscopy.
The cells from each experimental group were collected and maintained overnight in 2.5% glutaraldehyde
at 4 °C. The cells were washed with 0.05 M phosphate buffer four times; �xed with 1% citric acid for 1.5 h;
sliced; dehydrated in 30%, 50%, 70%, 80%, 90% and 100% ethanol for 30 min, and stained twice with
uranyl acetate and lead citrate. Photographs taken by transmission microscopy enabled the observation
of cell morphology and structure, the determination of the number of mitochondria, and the observation
of the autophagosome structure.

4.5 Immuno�uorescence
The cells from each experimental group were collected and 100 nM Mito-Tracker Red (MTR) probe
(C1035, Beyotime, China) was added. Then, the cells were incubated in the dark and �xed with 4%
paraformaldehyde, permeated with PBS containing 0.5% Triton X-100 (T8787, Sigma, USA) for 10 min at
room temperature, and blocked with 5% foetal bovine serum at room temperature for 30 min. The treated
cells were incubated overnight with anti-LC3B antibody (1:500, ab229327, Abcam, England) and anti-
Parkin antibody (1:1000, ab233434, Abcam, England) at 4°C. The cells were incubated with �uorescent
conjugated secondary antibodies (Alexa Fluor 647) at room temperature for 2 h and 1 mg/mL DAPI was
used to stain the nucleus. Using confocal laser imaging analysis, the cells were targeted by a light source
with an excitation wavelength of 358 nm, and the LC3B protein and Parkin proteins were targeted by light
with a wavelength of 633 nm.

4.6 Statistical analysis
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SPSS 20.0 statistical software was used for the statistical analysis of the data, and the calculated
information following a normal distribution was expressed using the means ± standard deviation. All
experiments were repeated three times with similar results. All graphical analyses were performed using
GraphPad Prism software (version 7.04) for Windows. Statistical comparisons were made with two-tailed
Student’s t tests and one-way ANOVA. The data are presented as the mean ± s.d. Differences were
considered signi�cant when P < 0.05.
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Figure 1

Western blotting was used to detect the relative expression of the STC-1 protein in PK15 cells. A) Western
blot hybridization detection of STC-1 and GAPDH. B) Grey analysis of the relative expression of each cell
protein on STC-1 cells. Statistical comparisons were made with two-tailed Student’s t tests, and one-way
ANOVA. The data are presented as the means ± s.d. (n=3). Changes were considered statistically
signi�cant when P < 0.05 and P<0.01.
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Figure 2

Western blot detection of the expressed apoptotic proteins in PK15 cells. A) The results from the Western
blot analysis. B) Grey analysis of the relative expression of each cell protein on BAX/BCL-2 cells.
Statistical comparisons were made with two-tailed Student’s t tests, and one-way ANOVA. The data are
presented as the means ± s.d. (n=3). Changes were considered statistically signi�cant when P < 0.05 and
P<0.01.
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Figure 3

Western blotting was used to detect the intracellular STC-1 and relative mitochondrial-related protein
expression levels. A) The results from the Western blot analysis. B) Grey analysis of the relative
expression of each cell protein on DRP1, OPA1, and Mfn2 levels. Statistical comparisons were made with
two-tailed Student’s t tests, and one-way ANOVA. The data are presented as the means ± s.d. (n=3).
Changes were considered statistically signi�cant when P < 0.05 and P<0.01.
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Figure 4

Western blot detection of the expressed autophagy proteins in PK15 cells. A) The results from the
Western blot analysis. B) Grey analysis of the relative expression of each cell protein relative to that of
pink1 and Parkin. Statistical comparisons were made with two-tailed Student’s t tests, and one-way
ANOVA. The data are presented as the means ± s.d. (n=3). Changes were considered statistically
signi�cant when P < 0.05 and P<0.01.
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Figure 5

Western blot detection of the expressed autophagy proteins in PK15 cells. A) The results from the
Western blot analysis. B) Grey analysis of the relative expression of each cell protein relative to that of on
P62 and LC3II. Statistical comparisons were made with two-tailed Student’s t tests, and one-way ANOVA.
The data are presented as the means ± s.d. (n=3). Changes were considered statistically signi�cant when
P < 0.05 and P<0.01.

Figure 6
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Flow cytometry to detect the apoptosis rate. A) Flow cytometry results. B) Analysis of the apoptosis rate
of the SCON, STC-KO, SSTC-KO and CON groups. Statistical comparisons were made with two-tailed
Student’s t tests, and one-way ANOVA. The data are presented as the means ± s.d. (n=3). Changes were
considered statistically signi�cant when P < 0.05 and P<0.01.

Figure 7

Flow cytometry was used to detect and analyse the membrane potential of each group. A) Flow
cytometry results. B) Analysis of the membrane potential of the SCON, STC-KO, SSTC-KO and CON
groups. Statistical comparisons were made with two-tailed Student’s t tests, and one-way ANOVA. The
data are presented as the means ± s.d. (n=3). Changes were considered statistically signi�cant when P <
0.05 and P<0.01.
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Figure 8

Flow cytometry detection and analysis of mitochondrial reactive oxygen species in each group of cells. A)
Flow cytometry results. B) Analysis of the reactive oxygen species in the SCON, STC-KO, SSTC-KO and
CON groups. Statistical comparisons were made with two-tailed Student’s t tests, and one-way ANOVA.
The data are presented as the means ± s.d. (n=3). Changes were considered statistically signi�cant when
P < 0.05 and P<0.01.
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Figure 9

Mitochondrial ATP detection.
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Figure 10

Morphological changes in mitochondria in PK15 cells were observed by transmission electron
microscopy. In these cells, we assessed the integrity of the cell membrane, the structural position of the
nucleus and the structure of mitochondria (white arrow), and the formation of autophagosomes (red
arrow). Scale bars: 1) 5.0 μm, 2) 2.0 μm, and 3) and 4) 500 nm. Statistical comparisons were made with
two-tailed Student’s t tests, and one-way ANOVA. The data are presented as the means ± s.d. (n=3).
Changes were considered statistically signi�cant when P < 0.05 and P<0.01.

Figure 11
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A) The cells were stained with immuno�uorescent anti-GFP-LC3B antibody, and DAPI staining was used
for nucleus localization. Green shows the intracellular mitochondria excited at 579 nm. B) Quantitative
�uorescence value. Scale: 35.6 μm. Statistical comparisons were made with two-tailed Student’s t tests,
and one-way ANOVA. The data are presented as the means ± s.d. (n=3). Changes were considered
statistically signi�cant when P < 0.05 and P<0.01.

Figure 12

A) Immuno�uorescence staining of cells with anti-Parkin antibody and DAPI staining for nuclear
localization. Green shows intracellular mitochondria excited at 448 nm (mitochondria for measuring
neutral pH), and red shows mitochondrial �uorescence when excited at 552 nm in the same cell (for
acidic pH measurement). B) Quantitative �uorescence value. Scale: 35.6 μm.Statistical comparisons
were made with two-tailed Student’s t tests, and one-way ANOVA. The data are presented as the means ±
s.d. (n=3). Changes were considered statistically signi�cant when P < 0.05 and P<0.01.


