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Blocking stanniocalcin 2 reduces sunitinib resistance in clear cell renal cell 
carcinoma 
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Stanniocalcin 2 (STC2) has been identified as a prognostic marker in renal cell carcinoma. However, the role of STC2 
in renal cell carcinoma is still unclear. In this study, we investigated the relationship between high expression of STC2 and 
sunitinib resistance in cells and the underlying mechanism. Through GEPIA platform analysis based on TCGA database, 
it showed that the expression of STC2 in kidney renal clear cell carcinoma (KIRC) was significantly higher than that in 
the normal population. Real-time quantitative PCR and western blotting detected significantly higher expression levels 
of STC2 in clear cell renal cell carcinoma (ccRCC) cells than that in normal renal cells. Enzyme-linked immunosorbent 
assay (ELISA) determined whether there is a high secretion of STC2 in ccRCC cells. The sunitinib resistance could be 
significantly reduced by STC2 neutralizing antibody but aggravated by the addition of recombinant human STC2 in ccRCC 
cells. Sunitinib suppressed STC2 expression and secretion, destroyed lysosomal acidic pH, and accumulated in the cells. 
However, STC2 neutralizing antibody can reduce the accumulation of sunitinib in cells to improve the inhibitory efficiency 
of sunitinib on cell proliferation. This study suggested STC2 could serve as a potential novel target for the treatment of 
ccRCC, anti-STC2 antibody might be an option of immunotherapy in the future. 
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Renal cell carcinoma (RCC) accounts for about 85% 
of the total renal cancer, originates from renal tubular cell 
carcinogenesis, and ranks the second in urinary malignancy 
[1–3]. Clear cell renal cell carcinoma (ccRCC) is the most 
common pathological type of RCC, accounting for 75% of 
all cases, and is the leading cause of cancer-related death 
[1–3]. However, its molecular pathogenesis is incompletely 
understood. To identify the underlying mechanism, some 
genetic studies such as whole-genome and/or whole-exome 
and RNA sequencing as well as array-based gene expres-
sion, copy number, and/or methylation analyses integrated 
the bioinformatics analysis such as gene set enrichment 
analysis (GSEA) and weighted gene co-expression network 
analysis (WGCNA) have been performed. Through these 
studies, some key pathways i.e., PI3K-AKT-mTOR signaling 
and p53-related pathways, and some candidate genes were 
screened [4]. However, their molecular mechanism is still 
unclear.

By multilevel whole-genome analysis and a meta-analysis, 
stanniocalcin 2 (STC2) was identified as a biomarker of 
ccRCC [5, 6]. STCs (STC1 and STC2) are involved in 

various physiological functions of the body in paracrine 
and autocrine ways. They not only regulate calcium and 
phosphorus metabolism, but also play an important role 
in cardiovascular diseases, inflammatory cell migration, 
embryo implantation, and decidualization [7–11]. In recent 
years, the role of STCs in tumor development has attracted 
increasing attention [12]. Among them, STC2 is overex-
pressed in various tumor tissues, such as renal cell carcinoma 
[5, 13], breast cancer [14, 15], liver cancer [16–18], gastric 
cancer [19], colorectal cancer [20], and prostate cancer [21]. 
However, the role of STC2 on the occurrence, development, 
and treatment of renal carcinoma is still unclear.

The causes of ccRCC are not fully understood, so the 
treatment options available are limited. Overall response 
rates remain unsatisfactory due to the drug resistance of 
tumors to chemotherapy and radiotherapy and the limita-
tions of targeted therapy provided. In addition, some patients 
did not respond to targeted treatment or recurred after initial 
improvement. Therefore, revealing the resistance mecha-
nism is needed, especially those widely used multi-targeted 
tyrosine kinase inhibitors (TKI). Furthermore, the advances 
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in mechanisms of resistance provided the basis for combining 
targeted therapies with newer generation immunotherapies 
to gain better therapeutic outcomes [22, 23].

Sunitinib (SUTENT), one of the TKIs, has been licensed 
for ccRCC treatment because of its good target therapeutic 
effect [24, 25]. However, its application has been overshad-
owed by the emergence of drug resistance. Previous studies 
have revealed that sunitinib is sequestered in lysosomes as 
a novel mechanism of drug resistance of ccRCC [26, 27]. 
Therefore, in this study, the relationship between STC2 
expression and sunitinib resistance in ccRCC cells was inves-
tigated. STC2 neutralizing antibody was used to explore the 
roles of blocking STC2 in sunitinib resistance of ccRCC cells, 
so as to provide an experimental basis for comprehensive 
treatment of RCC.

Materials and methods

Reagents. Sunitinib was purchased from Cell Signaling 
Technology (Shanghai, China). MTT (3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) was 
purchased from Solarbio (M1020, Beijing, China), Acridine 
Orange (AO) was purchased from Leagene (DM0630, 
Beijing, China). TUNEL kit was purchased from KeyGEN 
(KGA7073, Jiangsu, China). Anti-human Ki-67 was 
purchased from Cell Signaling Technology (9449S, Shanghai, 
China), LysoTracker™ Green DND-26 (L7526), and anti-
human STC2 antibodies (PA5-34841) were purchased from 
Thermo Fisher Scientific (Shanghai, China). Human STC2 
neutralization antibody (AF2830), recombinant human 
STC2 (O76061), and STC2 ELISA Kit (CSB-EL022822HU) 
were purchased from R&D system (USA).

Cell culture. HK-2, Caki-1, 786-O, 769-P, and ACHN 
cells obtained from the American Tissue Culture Collec-
tion (ATCC, Manassas, VA, USA) were grown at 37 °C in 
McCoy’s 5A (for Caki-1) and RPMI 1640 (for HK-2, 786-O, 
769-P, and ACHN) medium, respectively (pH 7.4) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), 
100 U/ml penicillin, and 100 mg/ml streptomycin (pH 7.4) 
in a humidified atmosphere containing 5% CO2. RPMI 1640 
medium, FBS, penicillin, and streptomycin were purchased 
from Gibco (Thermo Fisher Scientific, USA).

MTT assays. DU145 and PC-3 cells were seeded in 6-well 
and transfected with vector control, FAM66C siRNA-2, and 
siRNA-3 for 24 h. Cells were then collected and seeded in 
96-well with a density of 2 x 103 cells/well. After culturing for 
1, 2, 3, or 4 d, cell growth was measured by the MTT assay. 
In brief, cells were incubated in 100 µl MTT solution (0.5 
mg/ml in MEM medium) in a 96-well plate for 4 h before 
the end of incubation. The supernatant was then discarded, 
and 100 µl DMSO was added to dissolve the colored product 
(formazan). The absorbance was measured at 540 nm (690 
nm as reference) using a Synergy H4 Hybrid Multi-Mode 
Microplate Reader (BioTek, USA). In some experiments, 
STC2 neutralizing antibody (0.2 µg/ml) and human recombi-

nant STC2 (500 ng/ml) were added into the culture medium 
with sunitinib (5 µM).

Real-time quantitative PCR (RT-qPCR) analysis. The 
cell total RNA was isolated by using TRIzol (Vazyme, Nanjing, 
China). All RNA isolations were performed as directed by the 
manufacturer. Gel electrophoresis and staining confirmed the 
purity and integrity of the samples. Quantification of RNA 
was based on spectrophotometric analysis at 260/280 nm. 
cDNA was made from 10 μg total RNA using an RNA-to-
cDNA kit (Vazyme, Nanjing, China). Real-time PCRs were 
carried out by Quantstudio 3 (Thermo Fisher Scientific, 
USA) using the SYBR Green I kit (Vazyme, Nanjing, China). 
Gene-specific primers for STC2-F: GGTGGACAGAAC-
CAAGCTCTC, STC2-R: CGTTTGGGTGGCTCTTGCTA, 
and β-Actin-F: GACTACCTCATGAAGATCCTCACC, 
β-Actin-R: TCTCCTTAATGTCACGCACGATT were used. 
The occurrence of primer-dimers and secondary products 
was inspected using melting curve analysis and agarose 
gel electrophoresis. Control amplification was done either 
without reverse transcriptase or without RNA. The relative 
expression ratio of the target gene was calculated according 
to their threshold cycle Ct values.

Western blotting analysis. The cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer (Beyotime, 
Shanghai, China). After centrifugation at 13,000×g for 15 
min at 4 °C, the supernatant was collected and the total 
protein concentration was determined by BCA (Thermo 
Fisher Scientific, USA). The protein lysates containing 30 μg 
total cellular protein in RIPA buffer were subjected to electro-
phoresis on 10% polyacrylamide gels. The gels were then 
blotted onto PVDF membranes (Merck, Shanghai, China). 
Western blotting was conducted using rabbit polyclonal 
antibodies against STC2 (PA5-34841, Thermo Fisher Scien-
tific Shanghai, China) and β-Actin (BM3883, Boster, Wuhan 
China), followed by incubation with horseradish peroxi-
dase-conjugated goat anti-rabbit antibody (1:4000) (7074S, 
Cell Signaling Technology, Shanghai, China). Specific bands 
were visualized using a chemiluminescent reagent (Vazyme, 
Nanjing, China).

Measurement of STC2 content in culture medium. 
Caki-1 cells were treated with sunitinib (0, 1, 5, 10 µM) for 
24 h, and then the culture mediums were collected for STC2 
content detection. The STC2 levels were measured using an 
STC2 ELISA Kit according to the manufacturer’s instructions 
(R&D system, USA). The OD was measured with Synergy 
H4 Hybrid Multi-Mode Microplate Reader (BioTek, USA) at 
450 nm.

Knockdown of STC2. Caki-1 cells were seeded in a 
6-well plate with a density of 2×105 cells/well and cultured 
overnight. Then the cells were transfected with STC2 siRNAs 
packaged by Lipo2000 reagent according to manufacturer 
instructions (Thermo Fisher Scientific, USA). At 24 hours 
after transfection, the cells were harvested for further evalu-
ation. The siRNAs used in this study were STC2 siRNA-1: 
sense 5´-GUGGAGAUGAUCCAUUUCATT-3´ and 
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antisense 5´-UGAAAUGGAUCAUCUCCACTT-3´; STC2 
siRNA-2: sense 5´-CAGGGCAAGUCAUUCAUCATT-3´ 
and antisense 5´-UGAUGAAUGACUUGCCCUGTT-3´; 
STC2 siRNA-3: sense 5´-GCGUGUUUGAAUGUUUCG-
ATT-3´; and antisense 5´-UCGAAACAUUCAAACACG-
CTT-3´; from GenePharm (Shanghai, China).

Lysosomal acidity detection. Acridine Orange (AO), a 
fluorochrome, emits red fluorescence in cell acidic compart-
ments such as lysosomes or autophagolysosomes and green 
fluorescence in the cytosol and the nucleus. The ratio between 
the red and green signal of AO indicates the acidic character-
istics of lysosomes. Caki-1 cells were treated with sunitinib 
(0, 1, 5, 10 µM) for 24 h. After washing with PBS twice and 
AO stain buffer once, the cells were stained by AO (1 mM) 
for 15 min at room temperature, and then the fluorescence 
micrographs were obtained by Olympus BX53 (Japan). 
Quantification of the ratio between the red and green signal 
of AO was performed by using the software Image J.

LysoTracker™ Green DND-26 is a green fluorescent probe, 
which can indicate the acid environment in the lysosome. 
Caki-1 cells were treated with sunitinib (0, 1, 5, 10 µM) for 
24 h. After washing with PBS twice, the cells were stained by 
LysoTracker™ Green DND-26 (50 nM) in a CO2 incubator for 
15 min at 37 °C. Fluorescent intensity was recorded by excita-
tion at 488 nm and emission at 525 nm using a Synergy H4 
Hybrid Multi-Mode Microplate Reader (BioTek, USA).

Immunofluorescence and fluorometric cell death detec-
tion. After treating with sunitinib (10 μM) for 24 h, the 
Caki-1 cells were prepared for proliferation and apoptosis 
detection. The cells were fixed for 30 min in 4% formaldehyde 
(Sangon Biotech, Shanghai, China) and permeabilized with 
0.1% Triton X-100 (Sangon Biotech, Shanghai, China) in PBS 
for 20 min. After blocking with 3% normal goat serum, the 
cells were incubated with mouse anti-Ki-67 (9449S, prolif-
eration marker, 1:100, Cell Signaling Technology) antibody 
overnight at 4 °C, followed by 1 h incubation with Alexa 
Fluor 488 goat anti-mouse IgG (1:200, A-11001, Thermo 
Fisher, Shanghai, China). After washing twice with PBS, 
the cell nuclei were stained by the DAPI (D1306, Thermo 
Fisher Scientific, USA) for several minutes. The cells were 
washed in PBS for 10 min and investigated by Olympus IX73 
microscope (Japan). Fluorometric cell death was detected 
by terminal deoxynucleotidyl transferase (dUTP) nick end 
labeling (TUNEL) assay according to the manufacturer’s 
instructions and counterstained with DAPI as previously 
described. Then the images were taken by an Olympus IX73 
microscope (Japan).

Statistical analysis. Drug treatments were performed 
in triplicate in each experiment and every experiment was 
repeated at least three times. All data are represented as means 
± S.D. Statistical significance was assessed with Student’s 
t-test or one-way analysis of variance (ANOVA) followed 
by Duncan’s multiple range tests. Groups were considered 
significantly different if p<0.05 and extremely significantly 
different if p<0.01.

Results

High expression of STC2 in clear cell renal cell carci-
noma cells. Differential analysis was performed on TCGA 
database for kidney renal clear cell carcinoma (TCGA-KIRC) 
using the GEPIA analysis platform (http://gepia.cancer-pku.
cn/). Log2 (TPM+1) was used as the logarithmic range. 
Jitter Size: 0.4; matching with TCGA GTEx and normal 
data, |Log2FC| Cutoff = 1, p-value Cutoff = 0.01. The results 
showed that the expression of STC2 in the tumor tissues of 
patients with human renal clear cell carcinoma was signifi-
cantly higher than that of the normal population (Figure 
1A). The results of RT-PCR and western blotting showed that 
the expression levels of STC2 in Caki-1, 769-P, 786-O, and 
ACHN ccRCC cells were significantly higher than that in 
human renal tubular epithelial cells HK-2 (Figures 1B, 1C). 
In addition, it shows that there is no significant difference 
in STC1 expression between tumor patients vs. normal and 
HK-2 cells vs. Caki-1, 769-P, 786-O, and ACHN ccRCC cells 
(Supplementary Figures S1A, S1B). As a secreted protein, the 
result of ELISA showed that the STC2 contents in the culture 
medium of Caki-1, 769-P, 786-O, and ACHN ccRCC cells 
were significantly higher than that in HK-2 cells (Figure 1D).

Sunitinib suppressed the growth of human renal clear 
cell cancer cells. MTT assay showed that sunitinib treat-
ment could significantly inhibit the cell viability of human 
renal clear cell carcinoma cells Caki-1, 786-O, and 769-P 
after 2 days. CaKi-1 cells were most sensitive to sunitinib at 
5 μM, while 786-O and 796-P cells showed a dose-depen-
dent sensitivity (Figure 2A). After 2 and 3 days of contin-
uous treatment of sunitinib (5 μM), the cell viabilities of the 
treatment groups were significantly lower than that of the 
control group (Figures 2B–2D). Compared with 786-O and 
796-P cells, Caki-1 cells showed more resistance to sunitinib 
(Figures 2A–2D). Moreover, Caki-1 cells showed more resis-
tance to high dose sunitinib treatment (10 μM) (Figure 2A).

STCs regulate various biological functions as paracrine/
autocrine factors. To determine whether is secreted STC2 
involved in sunitinib resistance of ccRCC cells, STC2 
neutralizing antibody and human recombinant STC2 
(hSTC2) were applied to the culture medium. The results of 
the MTT assay showed that neutralizing antibody signifi-
cantly increased the sensitivity of Caki-1, 786-O, and 769-P 
cells to sunitinib treatment (Figures 3A–3C). Knockdown of 
STC-2 by siRNA could promote the sensitivity of Caki-1 cells 
to sunitinib (Supplementary Figures S2A, S2B). The addition 
of hSTC2 could significantly increase sunitinib resistance of 
Caki-1, 786-O, and 769-P cells (Figures 3D–3F). The results 
suggested that sunitinib resistance of ccRCC cells could be 
increased by secreting STC2 but reduced by blocking STC2.

Effects of sunitinib on STC2 expression. To clarify 
whether sunitinib affects the expression of STC2 in ccRCC 
cells, the expression and secretion of STC2 were examined 
after treatment with sunitinib. The results and western 
blotting showed that sunitinib treatment could induce the 
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Figure 1. Expression pattern of STC2 in KIRC 
specimens and ccRCC cell lines. A) GEPIA 
analysis shows the mRNA expression levels of 
STC2 in 523 KIRCs and 100 non-KIRCs. B, 
C) The relative expression levels of STC2 in 
HK-2 cells and ccRCC cell lines were evalu-
ated by RT-qPCR and western blotting. β-actin 
was used as a loading reference. D) The STC2 
contents in the culture medium of HK-2 cells 
and ccRCC cell lines were detected by ELISA. 
*p<0.05, **p<0.01

Figure 2. Effect of sunitinib on ccRCC cells 
growth. A) The relative cell viability of Caki-1, 
786-O, and 769-P cells in the absence (Ctrl) or 
presence of increasing concentrations of suni-
tinib (1, 5, 10, 20 μM) was evaluated by the 
MTT assay after treatment for 2 d. Different 
letters indicate a significant difference between 
treatments. B–D) The relative cell viability of 
Caki-1, 786-O, and 769-P cells in the absence 
(Ctrl) or presence of sunitinib (5 μM) was eval-
uated by the MTT assay after treated for 1, 2, 
and 3 d. *p<0.05; **p<0.01
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STC2 expression (Figures 4A–4C). However, sunitinib 
treatment did not affect the expression of STC1 (Supple-
mentary Figure S1C). Therefore, STC2 but not STC1 
contributed to the sunitinib treatment. The result of 
ELISA showed that STC2 secretion in the medium was 
reduced by sunitinib treatments. However, the STC2 
content in the culture medium of high dose of sunitinib 
group (10 μM) was higher than low dose group (5 μM) 
(Figure 4D). This result indicated that Caki-1 cells were 
more resistant to high dose sunitinib might due to the 
high content of STC2 in the culture medium.

Sunitinib disrupted the lysosomal acidic environ-
ment. Lysosomal sequestrations of sunitinib acted 
as a mechanism of drug resistance of ccRCC. Phase-
contrast microscopy revealed more yellow color parti-
cles after treatment with a higher dose of sunitinib 
for 2 d. It suggested that sunitinib was captured and 
accumulated in the cells (Figure 5A). To detect whether 
sunitinib treatment disrupts the acidic environment of 
the lysosome, AO and LysoTracker™ Green DND-26 
stainings were performed. AO staining was used as an 
indicator of lysosomal pH. Compared with control, 
sunitinib treatments reduced the red fluorescence and 
increased the ratio of green/red fluorescence (Figures 
5B, 5C). In addition, LysoTracker™ Green DND-26 
staining showed that sunitinib treatments significantly 
increased the green fluorescence (Figure 5D). These 
results indicated that sunitinib accumulated in the cells 
and disrupted the acidic environment of lysosomes.

STC2 neutralizing antibody alleviates sunitinib 
resistance by improving the inhibitory efficiency 
of sunitinib on cell proliferation. To investigate the 
mechanism of STC2 neutralizing antibody alleviating 
sunitinib resistance, the accumulation of sunitinib in 
Caki-1 cells was observed. Phase-contrast microscopy 
showed fewer yellow color particles in co-treatment 
sunitinib+STC2 neutralizing antibody compared with 
sunitinib treatment alone (Figure 6A). However, the 
AO and LysoTracker™ Green DND-26 staining assay 
showed that the sunitinib-disrupted acidic environ-
ment of the lysosomes could not be restored by STC2 
neutralizing antibody (Figures 6B-6D). These results 
suggested that STC2 neutralizing antibody allevi-
ated sunitinib accumulation independent of restoring 
lysosomal acidity.

To further identify the underlying mechanism, cell 
apoptosis and proliferation were detected. The Ki-67 
staining showed that sunitinib inhibited cell prolif-
eration, which was aggravated by the STC2 neutral-
izing antibody. The results of TUNEL staining showed 
that neither sunitinib nor STC2 neutralizing antibody 
induced cell apoptosis (Figures 6E, 6F). These results 
indicated that STC2 neutralizing antibody could reduce 
the accumulation of sunitinib in cells to improve the 
inhibitory efficiency of sunitinib on cell proliferation.

Discussion

Effective treatment of renal clear cell carcinoma has been 
a major issue. As a multi-target inhibitor of receptor tyrosine 
kinase, sunitinib has both anti-tumor and anti-angiogenic effects 
and is more effective than conventional therapies (radiotherapy 
or chemotherapy). It has been approved and marketed in many 
countries, and has been widely used in the treatment of renal 
cell carcinoma, and has entered clinical stage II and III [24, 25]. 
However, there is also the phenomenon of drug resistance, and its 
specific influencing factors and mechanisms are receiving close 
attention.

The elevated expression of STC2 has been reported in a variety 
of cancers, in which it promotes tumor cell growth, invasion, and 
migration, as well as drug resistance. Cheng et al. detected high 
expression of STC2 in liver cancer tissues. STC2 overexpressing 
cell lines HepG2 and SMMC7721 were more resistant to paclitaxel 
[18]. The study of Wang et al. showed that STC2 expression was 
significantly upregulated in cervical cancer tissues and cell lines. 
Moreover, the STC2 expression level was significantly increased 
in cisplatin-resistant cervical cancer cells [28]. Overexpression of 
STC2 was also detected in castration-resistant prostate cancer and 

Figure 3. Effect of STC2 on sunitinib resistance in ccRCC cells. A–C) Determi-
nation of cell viability of Caki-1, 786-O, and 769-P cells in the absence (Ctrl) or 
presence of 5 μM sunitinib or 5 μM sunitinib+0.2 μg/ml STC2 neutralizing an-
tibody. D–F) Determination of cell viability of Caki-1, 786-O, and 769-P cells 
in the absence (Ctrl) or presence of 5 μM sunitinib or 5 μM sunitinib+500 ng/
ml hSTC2. *p<0.05
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aggressive prostate cancer [21]. These results suggest that high 
expression of STC2 may enhance tumor resistance. GEPIA 
analysis based on TCGA database for kidney renal clear cell 
carcinoma (TCGA-KIRC) showed that the STC2 expression 
was significantly higher in the tumor tissues of patients with 
ccRCC than in the normal population. Our results here also 
showed that the expression levels of STC2 in ccRCC cells 
and STC2 contents in the culture medium were significantly 
higher than that in normal renal cells. Interestingly, sunitinib 
treatments reduced the expression of STC2 on both mRNA 
and protein levels. Although the secretion of STC2 was 
suppressed by the sunitinib treatments, there was unexpect-
edly a little increase by high dose compared with low dose 
treatment. This may explain that the higher sunitinib resis-
tance of Caki-1 cells under high dose treatment.

Current studies have proved that downregulation of STC2 
can reduce tumor drug resistance. In cisplatin-resistant 
cervical cancer cells, siRNA regulation of STC2 expression 
can reduce cisplatin resistance [28]. In nasopharyngeal carci-
noma cells, STC2 knockout can enhance the sensitivity of 

cancer cells to X radiation [29]. Overexpression of STC2 in 
sensitive non-small cell lung cancer cells leads to epidermal 
growth factor receptor-tyrosine kinase inhibitor (EGFR-
TKI) resistance. In contrast, STC2 gene silencing makes 
EGFR-TKI resistant cells more sensitive to EGFR-TKIs [30]. 
Yuan et al. showed that STC2 silencing could promote the 
chemical sensitivity of metastatic colorectal cancer cells to 
oxaliplatin, while exogenous STC2 upregulated the multi-
drug resistance protein P-glycoprotein through the PI3K/
Akt signaling pathway, inducing oxaliplatin resistance in 
colorectal cancer cells [31]. The present study confirmed 
that sunitinib resistance of ccRCC cells could be reduced by 
neutralizing antibodies to block secreted STC2 but increased 
by the addition of recombinant human STC2.

Studies have shown that resistance to sunitinib in ccRCC 
is due to the lysosomal isolation and inhibition of autophagy 
flow [26, 27]. However, the underlying mechanism is still 
unclear. Sunitinib is sequestrated in the lysosome might 
due to the destroyed acidic environment of the lysosome by 
sunitinib, thereby inhibition of its release and efficacy. Our 

Figure 4. Effects of sunitinib on STC2 expression and secretion in Caki-1 cells. A) The mRNA expression levels of STC2 in Caki-1, 786-O, and 769-P 
cells in the absence (0) or presence of increasing concentrations of sunitinib (1, 5, 10 μM) were determined by RT-qPCR and normalized by β-actin. B, 
C) The protein levels of STC2 in Caki-1 cell lines were evaluated by western blotting after being treated with sunitinib (1, 5, 10 μM). β-actin was used as 
a loading reference. Relative protein levels were analyzed by ImageJ. D) The STC2 contents in the culture medium of Caki-1 cells treated with sunitinib 
(1, 5, 10 μM) were detected by ELISA. *p<0.05, **p<0.01
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results supported that sunitinib was accumulated in cells and 
destroyed the lysosome pH in a dose-dependent manner. But 
STC2 neutralizing antibody suppressed sunitinib accumu-
lation was independent on restoring the lysosome pH, 
which might be due to reducing sunitinib capture when 
STC2 endocytosis. On the other hand, due to the lysosomal 

degradation, clinically used antibodies have severe immuno-
therapy-related adverse effects and low cancer immunother-
apeutic effects [32]. Here, our results showed that lysosomal 
acid pH was destroyed by sunitinib when co-treated with an 
STC2 neutralizing antibody. Therefore, the STC2 neutral-
izing antibody could effectively block the STC2. Previous 

Figure 5. Sunitinib accumulated and destroyed lysosomal acidity in Caki-1 cells. A) Phase-contrast microscopy showing accumulation of yellow gran-
ules (sunitinib) in Caki-1 cells incubated in the absence (0) or presence of increasing concentrations of sunitinib (1, 5, 10 μM) for 24 h. B, C) AO stain-
ing indicates the lysosome pH in Caki-1 cells incubated in the absence (0) or presence of increasing concentrations of sunitinib (1, 5, 10 μM) for 24 
h. The acidity region appears red. Quantification of the ratio between the red and green signal of AO was performed by the software ImageJ. D) The 
fluorescence of the lysosomal probe (LysoTracker™ Green DND-26) in Caki-1 cells incubated in the absence (Ctrl) or presence of increasing concentra-
tions of sunitinib (1, 5, 10 μM) for 24 h. *p<0.05
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Figure 6. Effects of the STC2 neutralizing antibody on sunitinib accumulation, lysosomal pH, cell proliferation, and apoptosis in Caki-1 cells. A) 
Phase-contrast microscopy showing accumulation of yellow granules in Caki-1 cells incubated in the absence (Ctrl) or presence of sunitinib (5 μM), 
5 μM sunitinib+0.2 μg/ml STC2 neutralizing antibody for 24 h. B, C) AO staining indicates the lysosome pH in Caki-1 cells incubated in the absence 
(Ctrl) or presence of sunitinib (5 μM), 5 μM sunitinib+0.2 μg/ml STC2 neutralizing antibody for 24 h. Quantification of the ratio between the red and 
green signal of AO was performed by the software ImageJ. D) The fluorescence of the lysosomal probe (LysoTracker™ Green DND-26) in Caki-1 cells 
incubated in the absence (Ctrl) or presence of sunitinib (5 μM), 5 μM sunitinib+0.2 μg/ml STC2 neutralizing antibody for 24 h. E, F) The immuno-
fluorescence staining of cell proliferation marker Ki-67 and cell apoptosis detection by TUNEL staining in Caki-1 cells incubated in the absence (Ctrl) 
or presence of sunitinib (5 μM), 5 μM sunitinib+0.2 μg/ml STC2 neutralizing antibody for 24 h. Quantification of Ki-67 and TUNEL fluorescence was 
performed by the software ImageJ. NS: no significant difference between control with treatments. *p<0.05
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studies have suggested that STC2 promotes cell prolifera-
tion of various cancer cells, such as cervical, breast, ovarian, 
and liver cancer cells [17, 28, 33], or promotes endometrial 
epithelial cell apoptosis [34]. The present study demonstrated 
that neutralizing the secreted STC2 could aggravate the 
inhibitory effect of sunitinib on cell proliferation instead of 
promoting cell apoptosis.

In conclusion, we present data that the high expression of 
STC2 in ccRCC patients and cells may play a key role in the 
process of tumor resistance, and blocking secreted STC2 may 
be an effective therapeutic option. This study reveals that the 
ccRCC targeted drug sunitinib reduces STC2 expression and 
secretion, destroys the lysosomal pH, and accumulates in 
ccRCC cells. Furthermore, the STC2 neutralizing antibody 
suppresses sunitinib accumulation in the cells and aggra-
vates the inhibition of sunitinib on cell proliferation. STC2 
could serve as a potential novel target for the treatment of 
ccRCC, and our results may contribute to the development 
of effective therapies for renal cell carcinoma such as STC2 
immunotherapy.

Supplementary information is available in the online version 
of the paper.
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