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Objective. To explore whether Stromal Interaction Molecule-1 (STIM1) participates in the phenotypic transformation of NRK-52E
cells under high-calcium microenvironment. Materials and Methods. NRK-52E cells were treated with high concentration of
calcium. The viability and apoptosis of cells were detected by CCK-8 (cell counting kit-8) and flow cytometry, respectively. The
expression changes of phenotypic marker proteins (E-cadherin and OPN) and calcium channel proteins (STIMl and Orai1) in
high-calcium environment were detected by western blotting and real-time quantitative polymerase chain reaction. The
expression of STIMl protein in NRK-52E cells was upregulated and downregulated by plasmid-STIM1 and plasmid-shRNA-
STIMl, respectively. The expressions of phenotypic marker proteins after upregulation or downregulation of STIMl were
detected again. Besides, the intracellular calcium concentrations of NRK-52E cells in different treatments were detected by flow
cytometry. Results. High-calcium microenvironment can promote the phenotypic transformation and the adhesion of calcium
salts in NRK-52E cells and simultaneously suppress the expression of STIMl protein in NRK-52E cells. Downregulation of
STIMl protein could also promote the phenotype transformation, while both the gene silence of matrix gla protein (MGP) and
overexpression of STIMl showed reverse results. Conclusion. STIMl protein plays an important role in promoting phenotypic
transformation of NRK-52E cells in high-calcium microenvironment.

1. Introduction

Kidney stone, as one of the most common diseases in urol-
ogy, seriously endangers public health [1, 2]. In China,
approximately one in 17 adults suffers from kidney calculi
[3]. Due to environmental pollution, eating habits, and so
on, the incidence rate has been rising year by year [4]. In
addition, the high rate of recurrence also significantly
increases the physical and psychological stress of patients
with calculi [5]. According to epidemiological reports, nearly

two-thirds of newly diagnosed patients with calculi will
recur in their lifetime [5, 6].

The occurrence of kidney calculi is closely related to the
high-calcium microenvironment in renal papilla [7].
According to Randall’s calcium plaque theory, Randall’s cal-
cium plaque is the key site of calculi formation and anchor-
ing, and its essence is calcification originating from renal
papillary interstitium [8, 9]. Some researchers believe that
renal papillary interstitial calcification is caused by the phe-
notypic transformation of renal tubular epithelial cells.
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Epithelial cells in renal papilla differentiate into osteoblasts
under high calcium, hypoxia, and other microenvironments
[10]. After phenotypic transformation, the ability of cells to
adhere to crystals is significantly increased, which becomes
the starting point of renal papillary calcification and eventu-
ally leads to the formation of the Randall calcium plaque.

However, the mechanism of phenotype transformation of
epithelial cells induced by high-calcium microenvironment
is still lack of relevant research.

STIM1 is a single transmembrane protein located on
endoplasmic reticulum, and its N-terminal is in the lumen
of endoplasmic reticulum, which can sense the change of
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Figure 1: (a) The expressions of STIM1 in renal papillary tissues of calculi patients and noncalculi patients were analyzed according to GEO
database. (b) The expressions of Orai1 in renal papillary tissues of calculi patients and noncalculi patients were analyzed according to GEO
database. (c) The expression of STIM1 protein in calculi patients was significantly lower than that in noncalculi patients; there was no
significant difference in Orai1 protein between calculi patients and noncalculi patients.

2 BioMed Research International



⁎

1.5

1.2

0.9

0.6

0.3

0.2 0.4 0.6 0.8 1.0
0.0

0.0
G

ro
w

th
 (%

)
Concentration of calcium (mg/ml)

24h
48h

⁎

(a)

103

102

101

101 103

100

10–1

103

102

101

100

10–1

10–1 101 10310–1 101 10310–1

24
h 

PI

PI

103

102

101

100

10–1

PI

103

102

101

100

10–1

PI

103

102

101

100

10–1

PI

103

102

101

100

10–1

48
h 

PI

Annexin V-FITC

101 10310–1

Annexin V-FITC

101 10310–1

Annexin V-FITC

101 10310–1

Annexin V-FITC

Annexin V-FITC Annexin V-FITC

Control 0.7mg/ml 1.0mg/ml

(b)

Figure 2: Continued.
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intracellular calcium concentration through endoplasmic
reticulum [11]. Furthermore, STIM1 can regulate the intra-
cellular calcium concentration through CRAC channel
according to the change of intracellular calcium concentra-
tion [12]. Therefore, we hypothesized that the high-
calcium microenvironment may cause changes in the
expression of related proteins in cells through these calcium
receptors, resulting in the transformation of cell phenotype
and the formation of the Randall calcium spots, which initi-
ated the pathological process of calculi formation. In order
to verify this idea, we compared the expression levels of cal-
cium ion receptor-related proteins STIM1 and Orai1 in
renal papillary tissues of patients with calculi and those of
noncalculus patients through the GEO gene bank. The
results showed that the expression of STIM1 protein in
patients with calculi was significantly lower than that in
patients without calculi.

2. Materials and Methods

2.1. Comparison of the Expression Levels of STIM1 and Orai1
in Renal Papillary Tissues between Calculi Patients and
Noncalculi Patients. The Randall calcium plaque chip of
human renal papillary tissue was found by Gene Expression
Omnibus (GEO), and the data number was GSE73680 [13].
GEO2R online analysis system was used to analyze the dif-
ference of STIM1 protein and Orai1 protein expression level
in renal papilla tissue between calculi patients and noncal-
culi patients in GSE73680 data set.

2.2. Cell Culture. The experimental renal tubular epithelial
cell NRK-52E was purchased from Shanghai Cell Bank, Chi-
nese Academy of Sciences. NRK-52E was cultured in an
incubator with 5% carbon dioxide at 37°C. They were cul-
tured in the Dulbecco’s Modified Eagle’s Medium (Hyclone,
UT) containing 10% serum (Gibco, Grand Island, NY). The

culture medium was changed once every 2-3 days, and the
passage was carried out once every 1 week.

2.3. Preparation of High-Calcium Medium. To simulate the
high-calcium microenvironment in renal papilla of patients
with calculus, we prepared high-calcium medium with dif-
ferent concentration gradients to treat NRK-52E cells
(including 0.1mg/mL, 0.3mg/mL, 0.5mg/mL, 0.7mg/mL,
and 1.0mg/mL). A certain amount of anhydrous calcium
chloride was dissolved in ultrapure water to prepare a solu-
tion with calcium ion concentration of 10mg/mL. Then, a
filter with pore size of 0.22μm was used to remove poten-
tially pure microorganisms. Different volumes of calcium
ion solution were added into 50mL medium to prepare the
high-calcium medium with the above concentration
gradient.

2.4. Determination of Cell Activity under Different
Concentrations of High-Calcium Microenvironment. The
well-cultured NRK-52E cells were seeded into a 96-well plate
(about 3000 cells per well) and incubated overnight. The
NRK-52E cells were treated with different concentrations
of high-calcium medium for 24 hours and 48 hours, and
each concentration was set with three replicate wells. After
high-calcium treatment, 100μL medium containing 10%
CCK-8 was replaced and incubated for 2 hours. Finally, the
absorbance of each well at 450 nm was measured with a
microplate reader. The untreated group was used as a con-
trol, and the percentage of cell viability after treatment with
different concentrations of high calcium was calculated.

2.5. Determination of Apoptosis. According to the results of
cell viability determination, the high-calcium microenviron-
ment of 0.7mg/mL and 1.0mg/mL could cause significant
changes in cell viability. Therefore, we determined the apo-
ptosis of cells in the high-calcium microenvironment of
0.7mg/mL and 1.0mg/mL. The well-cultured NRK-52E cells
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Figure 2: (a) The NRK-52E cells were treated with the different concentrations of high-calcium medium, and then, the activity of the NRK-
52E cells was explored by CCK-8 experiment. (b and c) The apoptosis rate of the NRK-52E cells was determined by flow cytometry when
treated with high-calcium medium.
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were seeded into a 6-well plate (about 1 × 106 cells per well)
and incubated overnight. The NRK-52E cells in the six-well
plate were treated with 0.7mg/mL and 1.0mg/mL high-
calcium medium for 24 hours and 48 hours, and each con-
centration was set with three replicate wells. After the
high-calcium treatment, the cells were digested with 2.5%
trypsin and washed twice with PBS. The cells were resus-
pended in 200μL buffer, and 5μL fluorescein
isothiocyanate-Annexin V and 5μL propidium iodide were
added. The cells were incubated at room temperature in dark
for 20 minutes. Cell staining was analyzed by flow cytome-

try. The optimum concentration of high calcium was
0.7mg/mL.

2.6. Detection of the Expression of Cell Phenotype Marker
Proteins E-cadherin and OPN and Calcium Channel
Proteins STIMl and Orai1. The NRK-52E cells treated with
high calcium or shRNA transfected were lysed by RIPA
(radioimmunoassay) cell lysate. The protein was separated
and extracted by low-temperature centrifuge (4°C,
12000 rpm, centrifugation for 5 minutes), and the superna-
tant after centrifugation was the extracted total protein.
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Figure 3: (a and b) The NRK-52E cells were treated with the concentrations of high-calcium medium (0.7mg/mL), and then, the expression
of calcium channel protein (STIM1 and Orai1) and phenotypic marker proteins (E-cadherin and OPN) were determined by western blot. (c)
The above results were further verified by RT-PCR analysis. (d and e) The adhesion and deposition of calcium salt on NRK-52E cells
increased significantly, when the NRK-52E cells were treated with the concentrations of high-calcium medium (0.7mg/mL).
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The protein concentration in supernatant was determined
by BCA protein concentration determination kit (Beyotime
Institute of Biotechnology, China). The proteins with differ-
ent molecular weights were separated by gel electrophoresis,
and then, the protein bands were transferred to polyvinyli-
dene fluoride membranes by membrane transfer solution,
and the protein bands were incubated with primary anti-
body at 4°C overnight: mouse monoclonal β-actin (Protein-
tech, China, 1 : 500), rabbit polyclonal anti-E-cadherin
antibody (Boster, China, 1 : 1000), mouse polyclonal anti-
OPN antibody (Boster, China, 1 : 1000), rabbit polyclonal
anti-STIMl antibody (Boster, China, 1 : 1000), and mouse
monoclonal anti-Orai1 antibody (Invitrogen, China,
1 : 1000). Then, the secondary antibody was incubated at
room temperature for 1-2 hours and then visualized in
chemiluminescence imaging system (Gene Company Lim-
ited, China) using enhanced chemiluminescence analysis kit.

2.7. Alizarin Red Staining. The well-cultured NRK-52E cells
were seeded into a 6-well plate. After the cell density reached
70%-80%, the cells were treated with high calcium for 24
hours and 48 hours and then washed with PBS for 3 times
and fixed with 95% ethanol. The fixed cells were stained with

alizarin red for 3-5 minutes at room temperature. Then, the
excess dye was removed, the staining of calcium salt deposi-
tion was observed under the microscope, and the area of
staining area was measured by ImageJ software.

2.8. Plasmid Transfection. Plasmid-STIM1 and plasmid-
shRNA-STIM1 (5′-GATCCC-AGGCTCTCAATGCCAC
GTCTT-CTCGAG-AAGACGTGGCATTGAGAGCCT-
TTTTTGGAT) were synthesized by GENECHEM (Shang-
hai, China). The well-cultured NRK-52E cells were seeded
into a 6-well plate. After the cell density reached 70%-80%,
the plasmid was transfected into the cells with Lipofectamine
3000 reagent. Two days after transfection, the transfection
efficiency was tested by western blot (WB). The transfected
cells were used for subsequent experiments.

2.9. Immunofluorescence. The NRK-52E cells treated with
high calcium or transfected were washed three times with
PBS at 4°C. The washed cells were fixed in 4% paraformalde-
hyde for 15 minutes, then permeabilized in PBS containing
0.1% Triton X-100 for 30 minutes, and washed again with
ice PBS for 3 times. Subsequently, the cells were blocked in
5% bovine serum albumin for 2 hours. Then, the cells were
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Figure 4: (a and b) Western blot analysis showed that the expression of E-cadherin was significantly decreased and the expression of OPN
was significantly increased in the NRK-52E cells after silencing STIM1 protein, which was similar to the NRK-52E cells treated with high-
calcium microenvironment. (c) Immunofluorescence analysis further confirmed the above results.
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Figure 5: (a and b) Western blot analysis showed that the expression of E-cadherin was significantly increased in the NRK-52E cells after
overexpression of STIM1 protein. (c) Immunofluorescence assay showed the same results. (d and e) The calcium ion content of the NRK-
52E cells in different treatment groups was shown.
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incubated with a mixture of 1% anti-E-cadherin primary
antibody and 1% anti-OPN primary antibody overnight at
4°C. The mixture of 0.5% anti-rabbit-FITC and 0.5% anti-
mouse-Tex-Red was incubated for 1 hour at room tempera-
ture. Then, the nuclei were stained with DAPI. The expres-
sion of E-cadherin and OPN was observed under
fluorescence microscope.

2.10. Determination of Intracellular Calcium Concentration.
In this study, we detected the intracellular calcium concen-
tration of NRK-52E cells in different treatment groups by
using Best Bio’s intracellular calcium detection kit. The F3
staining solution of the above kit was diluted with HBSS
buffer at the ratio of 1 : 400. The NRK-52E cells were
digested and centrifuged to prepare cell suspension and then
washed with HBSS buffer for three times. Finally, the NRK-
52E cells were incubated at 37°C for 20 minutes. The cells
were washed 2-3 times with HBSS and then resuspended.
The distribution of intracellular fluorescence intensity was
detected by flow cytometry.

3. Results

3.1. GEO Database Analysis Showed that the Calcium
Channel Protein STIM1 Was Differentially Expressed in
Renal Papillary Tissues of Calculi Patients and Noncalculi
Patients. As shown in Figures 1(a) and 1(b), the expressions
of STIM1 and Orai1 in renal papillary tissues of calculi
patients and noncalculi patients were analyzed according
to GEO database. According to the statistical analysis of
the two protein expression values, the expression of STIM1
protein in calculi patients was significantly lower than that
in noncalculi patients, and there was no significant differ-
ence in Orai1 protein between calculi patients and noncal-
culi patients (Figure 1(c)). Therefore, we would explore the
role of calcium channel protein STIM1 in the phenotypic
transition of renal tubular epithelial cells and calculi forma-
tion in this study.

3.2. High Concentration of Calcium Inhibited the Activity of
NRK-52E Cells and Induced Apoptosis. The effects of differ-
ent concentrations of high-calcium medium on the activity
of NRK-52E cells were explored by CCK-8 experiment.
The results are shown in Figure 1(a). In the case of culture
for 48 hours, the cell activity of NRK-52E was significantly
inhibited when the high-calcium concentration reached
0.7mg/mL; in the case of culture for 24 hours, the cell activ-
ity of NRK-52E was significantly inhibited when the high-
calcium concentration reached 1.0mg/mL. At the same time,
the apoptosis rate of NRK-52E cells also increased signifi-
cantly (Figures 2(b) and 2(c)). Based on the above findings,
we simulated the pathological microenvironment of urolith-
iasis with a high-calcium concentration of 0.7mg/mL in our
follow-up experiments.

3.3. Phenotypic Transformation of NRK-52E Cells Occurred
after High-Calcium Microenvironment Treatment, and the
Expression of Calcium Channel Protein STIM1 Decreased
during Phenotypic Transformation. The expression of epi-
thelial marker E-cadherin and osteogenic marker OPN of

NRK-52E cells decreased significantly after cultured in
0.7mg/mL high-calcium medium. The expression of cal-
cium channel proteins STIM1 and Orai1 decreased signifi-
cantly, especially the difference of STIM1 protein
expression (Figures 3(a) and 3(b)). With the increase of
high-calcium treatment time, the expression difference of
phenotypic marker molecules and calcium channel proteins
became more significant. The above results were further ver-
ified by RT-PCR analysis (Figure 3(c)).

3.4. The Adhesion and Deposition of Calcium Salt on NRK-
52E Cells after Phenotypic Transformation Increased
Significantly. We identified the adhesion and deposition of
calcium salts by NRK-52E cells by alizarin red staining. As
shown in Figures 3(d) and 3(e), the NRK-52E cells after
high-calcium treatment had significantly more alizarin red
staining areas, and the alizarin red staining areas increased
with the increase of culture time.

3.5. Downregulating the Expression of STIM1 Protein
Promoted the Phenotypic Transformation of the NRK-52E
Cells. We transfected NRK-52E cells with shRNA plasmid
to silence the expression of STIM1 protein. Western blot
analysis showed that the expression of E-cadherin was sig-
nificantly decreased and the expression of OPN was signifi-
cantly increased in NRK-52E cells after silencing STIM1
protein, which was similar to NRK-52E cells treated with
high-calcium microenvironment, and both of them had phe-
notypic transformation (Figures 4(a) and 4(b)). Immunoflu-
orescence analysis further confirmed that silencing the
protein expression of STIM1 could promote the phenotypic
transformation of NRK-52E cells (Figure 4(c)).

3.6. Upregulating the Expression of STIM1 Protein Promoted
the Increase of the Expression of the Epithelial Phenotype
Marker E-cadherin of the NRK-52E Cells. The expression of
STIM1 protein in the NRK-52E cells was promoted by plas-
mid transfection. We found that the expression of E-
cadherin was significantly increased in the NRK-52E cells
after overexpression of STIM1 protein, but the expression
of OPN was not significantly changed (Figures 5(a) and 5
(b)). Immunofluorescence assay showed the same results
(Figure 5(c)).

3.7. Downregulating the Expression of STIM1 Protein and the
High-Calcium Microenvironment Both Caused a Significant
Decrease in Calcium Ion Content in the NRK-52E Cells. As
shown in Figures 5(d) and 5(e), the calcium ion content of
NRK-52E cells in different treatment groups was shown.
Compared with the control group, the intracellular calcium
concentration of the NRK-52E cells in the downregulated
group decreased significantly. The intracellular calcium con-
centration of most NRK-52E cells in the high-calcium treat-
ment group decreased significantly. The calcium
concentration in the NRK-52E cells in the upregulation
group was slightly increased, but there was no significant dif-
ference compared with the control group.
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4. Discussion

The causes of urinary calculi are quite complex, and Ran-
dall’s plaque (RP) theory is one of the theories widely recog-
nized by relevant scholars [8, 14, 15]. RP is a calcium salt
deposit originated from renal papillary interstitium, which
is considered as a key role site for calculi formation and
anchoring [16]. The main component of RP is hydroxyapa-
tite (the main component of bone). Researchers believe that
the process of calculi formation may be related to the pro-
cess of osteogenesis [17]. The previous research of our group
found that the expression of osteogenic marker OPN in
renal tubular epithelial cells increased significantly, while
the epithelial marker E-cadherin decreased significantly
[18]. Therefore, we believed that the renal tubular epithelial
cells were undergoing phenotypic transformation: from epi-
thelial cells to osteoblasts. We further found that the
phenotype-transformed epithelial cells had significant cal-
cium attachment ability, and thus, we considered that it
was the cause of RP [19].

Pathological examination of renal papilla indicates that
high calcium, hypoxia, and inflammation were important
components of the lithogenic microenvironment and might
be the important inducement to induce the formation of
RP, among which high-calcium microenvironment is the
most common in pathological specimens of patients with
calculi [20]. STIM1 is a single transmembrane protein
located in the endoplasmic reticulum, a sensor of calcium
ion concentration in the endoplasmic reticulum, and a regu-
latory protein for the opening of calcium ion channels on the
cell membrane surface [21]. STIM1 can regulate the activa-
tion of multiple pathways by sensing changes in the concen-
tration of calcium ions in the endoplasmic reticulum [11,
22]. Therefore, we speculate that the high-calcium microen-
vironment may induce the formation of RP through STIM1
protein [23]. Interestingly, the analysis from the public data-
base reveals that the expression status of STIM1 was signifi-
cantly higher in control normal tissue than stone plaque
tissue, and this result aroused our interests.

In this study, we verified the phenotypic transformation
of the NRK-52E cells in high-calcium microenvironment
through the expression changes of phenotypic markers. As
shown in the above results, the expression of epithelial phe-
notype marker E-cadherin in NRK-52E cells decreased sig-
nificantly after high-calcium treatment, while the
expression of osteogenic marker OPN increased signifi-
cantly. At the same time, we found that the expression of
STIM1 protein also decreased significantly during pheno-
typic transformation. In order to explore whether there is a
causal relationship between the low expression of STIM1
protein and the phenotype transformation of NRK-52E cells,
we upregulated/downregulated the expression of STIM1
protein in the NRK-52E cells by plasmid transfection and
found that the phenotype transformation of the NRK-52E
cells also occurred when the expression of STIM1 protein
was downregulated. These results fully proved that the
high-calcium microenvironment can induce phenotypic
transformation of the NRK-52E cells by regulating the
expression of STIM1 protein. In addition, we also further

measured the intracellular calcium ion concentration of the
NRK-52E cells in a high-calcium microenvironment, and
the results showed that the intracellular calcium concentra-
tion of some NRK-52E cells decreased, which was similar
to that of the NRK-52E cells with downregulation of STIM1
protein expression.

There are still some limitations in this study: Firstly, our
study only revealed the role of STIM1 protein in phenotypic
transformation, but the mechanism by which STIM1 protein
plays a role needs further research to explore. Secondly, our
study only involved the phenotypic transformation stage of
the NRK-52E cells and lacked the verification of the subse-
quent kidney calculi formation process, which need to be
verified by subsequent animal experiments in vivo. Finally,
due to the current reports on STIM1 protein mostly focus
on its role as a calcium channel regulatory protein, there
are no reports showing the relationship between STIM1 pro-
tein expression and kidney calculi formation or phenotypic
transformation. Hence, more studies are needed to verify
our results.

5. Conclusion

STIM1 protein plays an important role in promoting the
phenotypic transformation of NRK-52E cells in the high-
calcium microenvironment and may be an important path-
way protein in the formation of calcium-containing kidney
calculi.
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