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Abstract: Aim: We aimed to assess the effect of autophagy and stromal interaction molecule 1 (STIM1) on podocyte
epithelial-mesenchymal transition in diabetic nephropathy. Methods: The sera of 8-week-old db/db and C57BL/
KsJ rats were used to culture MPC5 cells. The experiment was divided into 4 groups: MPC5 + siRNA-Scr + 10%
C57BL/KsJ (Group A), MPC5 + siRNA-STIM1 + 10% C57BL/KsJ (Group B), MPC5 + siRNA-Scr + 10% db/db (Group
C), and MPC5 + siRNA-STIM1 + 10% db/db (Group D). Podocyte autophagy was evaluated via immunofluorescence
staining for LC3Il and P62, and via Western blotting for P62 and LC3 (LC3II/LC3I). Western blotting was also used
to assess the expression of TRPC6, Orail, Beclin-1, Bcl-2, Caspase3, E-cadherin, fibronectin, and o-SMA protein.
Furthermore, podocyte apoptosis was assessed via flow cytometry. Results: We found that, in podocytes cultured
in the serum of diabetic nephrotic rats, the autophagy level decreased, whereas the apoptosis level increased, and
EMT can be advanced. However, after silencing STIM1 with siRNA, a converse outcome was noted. Furthermore, in
diabetic nephropathy rats, the up-regulated expression of podocyte STIM1 can activate TRPC6 and Orail channels,
which results in Ca?* entry. Conclusions: We found that, in podocytes cultured in the serum of diabetic nephrotic
rats, the autophagy level increased, whereas the apoptosis level decreased, and EMT can be inhibited by silencing
STIM1 with siRNA.
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Introduction tribute to the formation of the glomerular filtra-

tion barrier (GFB). Indeed, podocytes clearly

The prevalence of diabetes mellitus has mark-
edly increased in China in recent decades [1].
Diabetic nephropathy (DN) is a serious compli-
cation of diabetes mellitus, which itself is the
major cause of end stage renal disease (ESRD)
[2]. Albuminuria is a common feature of early-
stage DN, which is associated with glomeru-
lar hypertrophy, thickening of the glomerular
basement membrane (GBM), and expansion of
the mesangial extracellular matrix. Moreover,
advanced DN is characterised by glomerulo-
sclerosis, vascular and capillary rarefaction,
tubulointerstitial degeneration, and fibrosis as-
sociated with glomerular filtration rate (GFR)
decline and substantial proteinuria [3].

Podocytes are one of 2 cell types (partial mes-
enchymal and partial epithelial cell) that con-

undergo a set of phenotypic and morphologi-
cal changes during DN including foot process
effacement, podocyte loss, and mesangial
extracellular matrix expansion, and the pro-
cess has been reported to be similar to epi-
thelia-mesenchymal transition (EMT). Besides,
although podocytes are terminally differentiat-
ed cells, they show high basal levels of autoph-
agy in order to maintain intracellular homeosta-
sis and cell integrity. Therefore, podocyte injury
and autophagy levels are believed to be crucial
in DN pathogenesis [4].

Autophagy is a highly regulated lysosomal pro-
tein degradation pathway that removes protein
aggregates as well as damaged or excess
organelles in order to maintain intracellular
homeostasis and cell integrity [5]. A growing
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body of evidence suggests that dysregulation
of the autophagic pathway is involved in the
pathogenesis of kidney aging and in DN [6]. The
high basal levels of autophagy enable podo-
cytes to eliminate protein aggregates and dam-
aged organelles and thus maintain intracellular
homeostasis and cell integrity.

The EMT process is highly regulated and con-
sists of 4 key steps: loss of epithelial cell adhe-
sion, de novo-SMA (smooth muscle actin) exp-
ression and actin reorganisation, disruption
of the tubular basement membrane, and en-
hanced cell migration and invasion [7]. Evi-
dence for EMT in vivo has been observed in
various animal models of chronic kidney dis-
eases (CKD), including diabetic nephropathy
[8]. When podocytes are exposed to various
stresses, the initial response is cell hypertro-
phy, which is an adaptive change to compen-
sate for lost function. However, if the injury is
progressive, podocytes will undergo EMT and
escape from apoptosis [9]. Podocytes become
motile after EMT, which eventually results in the
disruption of the delicate three-dimensional
architecture of podocytes, thereby impairing
GFB function and leading to podocyte dysfunc-
tion, proteinuria, and glomerular sclerosis [10].

STIM1 is an endoplasmic reticulum (ER) trans-
membrane protein, which is a sensor of endo-
plasmic reticulum (ER) calcium levels; it is acti-
vated by a decrease in ER calcium levels. Once
activated, STIM1 interacts with a plasma mem-
brane protein, Orail, to activate Orail-con-
taining calcium-selective plasma membrane
channels [11]. Both STIM1 and Orail are
expressed in podocytes. TRPC6 is also found in
the podocyte foot processes and along the slit
diaphragm, which is vital for normal renal func-
tion [12]. STIM1 has been implicated in the
development of diabetes. In particular, the
abnormal expression of STIM1 induces podo-
cyte injury by causing an imbalance in Ca?
homeostasis, changing the expression of po-
docyte-associated molecules, inducing oxida-
tive stress, and leading to mitochondrial dys-
function.

In the present study, we assess the effects of
autophagy and STIM1 on podocyte EMT in DN
rats. Our findings indicate that silencing STIM1
not only promotes podocyte autophagy, but
inhibits apoptosis and EMT in DN rats. More-
over, STIM1 upregulation leads to the activa-
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tion of TRPC6 and Orail channels, which results
in Ca?" entry. However, the mechanisms of
autophagy and STIM1 in podocyte dysfunction
under diabetic conditions remain unclear. Here,
we aimed to determine the significance of
autophagy and STIM1 in podocyte injury and
EMT, as well as its involvement in the pathogen-
esis of diabetic nephropathy.

Materials and methods

Male db/db and C57BL/KsJ rats (8-week-old)
were purchased from Cavens Lab Animal Co.
Ltd., Changzhou, China. MPC5 cells were
acquired from the America type culture collec-
tion (ATCC).

Cell culture and RNA interference

Cells were cultured at 33°C in RPMI-1640
(Hyclone, Shanghai, China) medium supple-
mented with 10% PBS (JRDUN Biotechnology
Co. Ltd, Shanghai, China) and recombinant
interferon-y (PeproTech China, Suzhou, China),
with a transmission ratio of 1:4. To induce dif-
ferentiation, podocytes were grown under non-
permissive conditions at 37°C for 11 days, with
a transmission ratio of 1:2. When had matured,
MPC5 cells were cultured without RPMI-1640
for 24 h. The experiment was divided into 4
groups: MPC5 + siRNA-Scr + 10% C57BL/KsJ
(Group A), MPC5 + siRNA-STIM1 + 10% C57BL/
KsJ (Group B), MPC5 + siRNA-Scr + 10% db/db
(Group C), and MPC5 + siRNA-STIM1 + 10% db/
db (Group D). After each group was transfected
with siRNA for 48 h, the MPC5 cells were col-
lected and the interference effect was tested
after 24 h.

Cell transfection

Podocytes were plated at a density of 5x10°
on glass cover slips in 6-well plates and cul-
tured at 37°C in a 5% CO, cell incubator
(Thermo, Shanghai, China) for 24 h. Transient
transfections with siRNA were conducted us-
ing Lipofectamine 2000. In brief, 250 pL of
Opti-MEM was added to an EP tub (A) and was
diluted with 5 yL of Lipofectamine 2000. The
mixture was then incubated for 5 min at 37°C.
Another EP tub (B) was filled with 250 pL of
Opti-MEM to dilute 10 uL siRNA. Mixing of both
solutions A and B were done and then the mix-
ture was incubated for 20 min at 37°C. The
siRNA-Lipofectamine 2000 mixture was then
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Figure 1. Western blot indicates the effect of siRNA-mediated silencing of
STIM1. A. STIM1 expression was standardized using B-actin, and STIM1 was
treated with siRNA in MPC5 cells. B. Western blotting was used to detect the
relative expression levels of STIM1 after the MPC5 cells were treated with
STIM1 siRNA. Control, negative control-siRNA, and complex STIM1-siRNA

(siRNA1, siRNA2, and siRNA3).

applied to 6-well plates containing approxi-
mately 1.5 mL of complete medium.

Immunofluorescence staining

Indirect immunofluorescence staining was per-
formed according to a previously described
procedure. In brief, cells cultured on coverslips
were washed once with cold PBS (JRDUN Bio-
technology Co. Ltd, Shanghai, China) and fix-
ed with 3% methyl aldehyde (1:1) for 10-15 min
at room temperature. The cells were washed
with PBS 3 times, then treated with 1% Triton
X-100 for 5-10 min and blocked with 3% Bull
Serum Albumin (BSA) for 30 min at room tem-
perature. The cells were then incubated with
specific primary antibodies, including rabbit
anti-mouse polyclonal antibodies against LC3-
Il (1:200) and antibodies against P62 (1:200),
followed by staining with a secondary antibody
(1:500). Cells were stained with 4’,6-diami-
dino-2-phenylindole (DAPI) (Beyotime Company,
Shanghai, China) hydrochloride to visualise the
nuclei. Slides were viewed using an epifluores-
cence microscope (Leica Company, Shanghai,
China).

Measurements of intracellular Ca®* concentra-
tions

Podocytes were washed once with PBS, and
the cellular deposits following trypsin digestion
were collected. These cellular deposits were
incubated with a buffer containing 10 uymol/L
fluo-3, AM (Life Technologies, New York, USA)
for 1 h, after which MPC5 cells were washed in
calcium-free buffer, and the fluorescence levels
were monitored using a FluorChen E ascent
single channel fluorimeter (Protein Simple
Company, California, USA). The findings were
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recorded in F. The cells were
incubated with 1% Triton X-
100 for 30 min at room tem-
perature, and then with CaCl,
for 1-10 min and the cellular
fluorescence was recorded

LY ] g
5\*‘” g@"w a@“’ as Fmax. In addition, cells

were also added to 10 mM
EDTA (Solarbio, Beijing, China)
and incubated for 1-10 min.
Fluorescence measurements
were performed at the single
cell level using 488 nm exci-
tation wavelengths and the
recorded values were consid-
ered as Fmin. Ca?" concentrations were esti-
mated using the following formula: [Ca?'] free =
Kd (F-Fmin)/(Fmax-F). (Kd = 390 nM).

Flow cytometry

The cell culture solution was extracted into a
centrifuge tube. The cells were washed once
with PBS, and added EDTA solution, then the
mixture was incubated at room temperature.
The collected cell culture medium in the previ-
ous step was added, and the solution was
mixed, transferred to a centrifuge tube, and
centrifuged at 1000 rpm for 5 min. The super-
natant was discarded and the cells treated with
PBS were counted. Following another centrifu-
gation, the cells were resuspended in 195 uL
Annexin V-APC at 5-10x10* and incubated at
4°C for 15 min. Propidium iodide (PI) was then
added and the mixture was incubated at 4°C
for 5 min. Moreover, an Annexin V-APC-free and
Pl-free mixture was used as the negative con-
trol. Flow cytometry was subsequently per-
formed using BD Annexin V Apoptosis Detection
Kit APC (eBioscience, Shanghai, China) accord-
ing to the manufacturer’s instructions. For BD
flow cytometry, the Annexin V-APC correspond-
ed with the FL4 channel and the PI correspond-
ed with the FL2 channel.

Western blot analysis

Total protein extracts were collected from each
group in RIPA lysis buffer (JRDUN Biotechnology
Co. Ltd, Shanghai, China). Protein concentra-
tions were determined using a BCA protein
assay kit (Thermos, Shanghai, China) according
to the manufacturer’s protocol. Proteins were
separated via sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE) us-
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Figure 2. Silencing of STIM1 with siRNA reverses DN-induced autophagy. A-D. Immunofluorescence
staining and Western blotting were performed to detect LC3Il and P62 proteins in MPC5 cells cultured
in different sera. E-G. Expression and quantification of P62, LC3I, and LC3II proteins were standardised
using Western blots in MPC5 cells cultured in different sera. ("*P<0.01, "P<0.05).
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ing 10% gels and were transferred onto nitro-
cellulose (NC) membranes (Millipore, Shanghai,
China). Non-specific sites were blocked using
5% powdered milk diluted in TBS (13.7 mM
NaCl, 0.27 mM KCI, and 1.0 M Tris) contain-
ing 0.05% Tween 20 (TBST) for 1.5-2 h. The
membranes were incubated with primary anti-
bodies, including rabbit anti-mouse polyclonal
antibodies against STIM1, antibodies against
LC3-ll, antibodies against P62, antibodies ag-
ainst TRPCG, antibodies against Orail, antibod-
ies against Beclin-1, antibodies against Bcl-2,
antibodies against Caspase3, antibodies ag-
ainst E-cadherin, antibodies against fibronec-
tin, and antibodies against a-SMA (1:1,000)
overnight at 4°C. After washing the membranes
with TBST 3 times, incubation with secondary
antibodies, including those of donkey anti-goat,
goat anti-mouse, or goat anti-rabbit (1:5,000),
was performed at 37°C for 1-2 h. The signals
were finally detected using the ECL advanced
system. [B-actin was used as a control. Fur-
thermore, blots were analysed using FluorChen
E Image software (Protein Simple Company,
California, USA).

Statistical analysis

Data are expressed as means + standard error.
Comparisons between groups were made using
Student’s t-test (= 2) or one-way analysis of
variance (>2). Throughout the text, Figures, and
Figure legends, * and ** indicate P values of
<0.05 and <0.01, respectively. A P value of
<0.05 was considered to indicate statistical
significance.

Results

Effect of siRNA-mediated silencing of STIM1
with Western blots

The effect of siRNA1 was optimal, therefore,
siRNA1 was selected for subsequent experi-
ments (Figure 1A and 1B).

Silencing STIM1 reverses DN-induced au-
tophagy

Compared with that in Group A, a higher fluo-
rescence intensity for LC3II (Figure 2A and 2B;
P<0.01) and a lower fluorescence intensity for
P62 (Figure 2C and 2D; P<0.01) were observed
in Group B. These findings suggest that podo-
cyte autophagy can be enhanced by silencing
STIM1. In contrast, the fluorescence intensity
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for LC3Il was lower (Figure 2A and 2B; P<0.01),
and the P62 was greater (Figure 2C and 2D;
P<0.05) in Group D, which indicates that podo-
cyte autophagy can be decreased by culturing
in DN rats serum. The LC3lIl levels (Figure 2A
and 2B) in Group D were significantly greater
(P<0.01) than those in Group C, although the
P62 levels (Figure 2C and 2D) were lower
(P<0.05). These observations show that the
podocyte autophagy levels were stronger in cul-
tured with serum of DN rats by silencing STIM1.
Furthermore, on Western blotting, expression
of LC3Il/LC3I (Figure 2E and 2G) in Groups C
and D (cultured in DN rats serum) was signifi-
cantly lower as compared to that in Groups A
and B (cultured in normal rats serum), whereas
expression of P62 (Figure 2E and 2F) was
markedly greater. These results indicate that
autophagy in podocytes cultured in the serum
of DN rats is significantly reduced, but can be
enhanced by silencing STIM1.

Upregulation of STIM1 can contribute to Ca®*
entry

To assess the potential role of STIM1 activity in
Ca?" level regulation, we evaluated the Ca?*
concentrations in 4 groups (Figure 3A-C). We
observed that the Ca?* levels were decreased
(P>0.05; Figure 3C), whereas TRPC6 and Orail
protein levels were significantly decreased in
Group B, but the result was completely oppo-
site in Group C (P<0.01; Figure 3C), compared
to that in Group A (Figure 3D-F). Compared to
those noted in Group B, the Ca?* levels were
markedly increased (P<0.01; Figure 3C), where-
as the TRPC6 and Orail protein levels were
also increased in Group C (Figure 3D-F), but
converse findings were noted in Group D
(P<0.01; Figure 3C). In conclusion, the upregu-
lation of STIM1 can contribute to Ca?* entry by
activating the TRPC6 and Orail channels.

Upregulation of STIM1 can induce podocytes
apoptosis in vitro

Compared to that noted in Group A, the apopto-
sis rate was slightly lower (P<0.01) in Group B,
but was significantly greater in Group C (P<0.01;
Figure 4A and 4B). Compared to that noted in
Group B, the apoptosis rate was markedly
greater in Group D (P<0.01). However, com-
pared with that in Group C, the apoptosis rate
was markedly lower in Group D (P<0.01).
Furthermore, upregulation of STIM1 can lead
to podocyte apoptosis in DN. Western blot anal-
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Figure 3. Upregulation of STIM1 facilitates Ca2* entry by activating the TRPC6 and Orail channels. A-C. Intracellular
Ca?* concentrations were measured in the different treatment groups. D. Expression of TRPC6 and Orail proteins
was standardized using B-actin. E, F. Western blotting was performed to detect TRPC6 and Orail protein expression

levels in different treatment groups. (""P<0.01).

ysis (Figure 4C-F) indicated that compared
with those in Group A, the Beclin-1 and Bcl-2
protein levels were markedly increased, but the
Caspase3 protein levels were significantly
decreased in Group B. Converse findings were
noted in Group C. Compared with those in
Group C, the Beclin-1 and Bcl-2 protein levels
were markedly increased, whereas the Cas-
pase3 protein levels were markedly decreased
in Group D. These results suggest that autoph-
agy was inhibited and apoptosis was enhanced
in podocytes cultured in the serum of DN rats.
However, with silencing of STIM1, a converse
outcome was noted.

Silencing of STIM1 inhibits podocyte EMT in
vitro

Compared with those in Group A, the E-cadherin
levels were greater (Figure 5A and 5B), but the
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a-SMA (Figure 5A and 5C) and Fibronectin
(Figure 5A and 5D) protein levels were lower in
Group B. However, converse findings were
noted in Group C. Moreover, compared with
those in Group B, E-cadherin levels were lower,
but a-SMA and fibronectin protein levels were
greater in Group D. Compared with those in
Group C, E-cadherin levels were greater, but
a-SMA and fibronectin protein levels were lower
in Group D. These results suggest that silencing
STIM1 can inhibit podocyte EMT in DN rats.

Discussion

Podocytes are a crucial part of the GFB, and
their loss and injury can lead to proteinuria and
EMT, as well as glomerulosclerosis [13]. Crucial
evidence suggests that podocytes exhibit a
high level of constitutive autophagy, which
attenuates diabetic glomerular damage by pro-

Int J Clin Exp Pathol 2018;11(5):2450-2459
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tecting against hyperglycemia-induced podo-
cyte injury [14]. Autophagy acts as a survival
mechanism for maintaining cellular integrity,
particularly under unfavourable circumstances
[15]. Tagawa et al. [16] showed that insuffi-
cient podocyte autophagy in patients with dia-
betes and rats with massive proteinuria was
accompanied by podocyte loss and stimulation
of cultured podocytes. Furthermore, sera from
patients with diabetes or rats with massive
proteinuria-impaired autophagy resulted in
apoptosis. In our study, compare with cultured
podocytes with normal serum of rats, the podo-
cytes autophagy increased, and apoptosis
decreased (Figures 2 and 4). Preservation of
lysosome- and autophagy-mediated proteosta-
sis may be critical for podocytes to cope with
increased amounts of damaged proteins pro-
duced during diabetes [17]. Moreover, Har-
tleben et al. [18] indicated that the podocyte-
specific deletion of autophagy-related proteins,
such as Atgb, leads to an increased suscepti-
bility to glomerulopathy in aging rats, along
with the accumulation of oxidised and ubiquiti-
nated proteins, ER stress, and proteinuria. In
particular, the ER play a vital role in regulating
autophagic flux, autophagy may be impaired
following unmitigated ER induced by high glu-
cose levels and Mammalian target of rapamy-
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the recently identified poten-
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nism of podocyte autophagy
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part of the entire process.

EMT is a dynamic develop-
ment process, wherein epi-
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of mesenchymal cells such as
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Figure 5. Silencing STIM1 with siRNA could significantly inhibit podocyte epi-
thelial-mesenchymal transition. A. The expression of E-cadherin, fibronectin,
and a-SMA proteins were standardized using B-actin. B-D. Western blotting
was performed to detect the expression levels of E-cadherin, fibronectin, and

myofibroblasts; this leads to
the loss of epithelial cell
markers such as E-cadherin,
acquisition of mesenchymal
markers such as oa-SMA and
fibronectin, disruption of the
tubular basement membrane,
and enhanced cell migration and invasion [7].
Moreover, EMT may be important in later stag-
es of renal disease progression, which may
lead to interstitial fibrosis and tubular atrophy
due to the disappearance of epithelial cells
[19]. However, several established intracellular
signal transduction pathways such as TGFB/
Smad, integrin-linked kinase (ILK), and Wnt/[3-
catenin signalling are essential for controll-
ing the EMT process in DN. Furthermore, we
suggest that silencing STIM1 also can inhibit
EMT.

The term store-operated Ca?* entry (SOCE) was
first used to describe the process whereby the
depletion of intracellular Ca?* stores results in
the movement of extracellular Ca?" into cells
[20]. This Ca?* entry pathway plays an essential
role in a wide variety of physiological functions,
including exocytosis, enzymatic activity, gene
transcription, cell proliferation, apoptosis, and
it can activate by depletion of ER [21]. Previous
studies have identified STIM1 and Orail as the
essential components of the SOCE channels
[22], and have indicated the overexpression of
STIM1 and/or Orail in various types of cells, for
instance, in glomerular mesangial cells, high
glucose, and diabetes enhanced SOCE and
increased expression of STIM1/Orail [23]. A
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recent study suggests a beneficial effect of
SOC in glomerular mesangial cells (MCs) by in-
hibiting extracellular matrix (ECM) protein
expression, which may protect the kidney from
diabetic injury at early stages of DN [24].
However, the effect of STIM1 in podocytes in
DN remains unclear. The transient receptor
potential canonical 1 (TRPC1) was shown to
mediate SOCE, contribute to the calcium-per-
meable currents generated by store depletion,
and regulate physiological function in many cell
types [25]. Recent studies demonstrate that
STIM1 activates TRPC and via a different
domain. The initial observation showed that
knockdown of TRPC reduced SOCE by about
60%, while loss of Orail or STIM1 induced com-
plete elimination of SOCE [26]. We also show
that upregulation STIM1 can activate TRPC6
and Orail channels, which results in Ca?* entry.

STIM1 enhances migration by promoting EMT
following the activation of the Snail, TGF-[3, and
Wnt/B-Catenin signal pathways in human pros-
tate cancer cell lines [27]; however, blocking
SOCE activity by using a specific blocker or by
applying siRNAs that target STIM1 and Orail
can inhibit the formation of focal adhesions,
and thus reduce the migration and invasion of
tumor cells [28]. Further studies have shown
that that SOCE functionally interacts with the
pro-apoptotic protein during apoptosis [29],
and that overexpression of STIM1 increases
SOCE activity and can also accelerate apopto-
sis [30]. Similarly, our study suggests that
silencing STIM1 not only decrease apoptosis
and EMT, but also increase autophagy.

In conclusion, our study suggests that STIM1
can play an important role in podocytes injury
and EMT in DN rats. Silencing STIM1 may
enhance podocytes, which is cultured with
serum of DN rats. It can also induce auto-
phagy and inhibit apoptosis and EMT. Thus, we
consider that STIM1 may be associated with
modulation of calcium ion concentration by
blocking TRPC6 and Orail channels in podo-
cytes. The underlying mechanisms need fur-
ther investigation.
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