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Stanniocalcin1 (STC1) is a secreted glycoprotein, which is highly expressed in prostate cancer cells. However, the biolog-
ical functions of STC1 in modulating ferroptosis and glycolysis in prostate cancer are still not clear. The viability of PC-3 
and DU145 cells was detected by CCK-8 assay. The relative Fe2+ level was detected by an Iron Assay Kit. MDA level was 
detected by Lipid Peroxidation MDA Assay Kit. Glucose uptake and lactate product were measured by Glycolysis Assay Kit 
and Lactate Assay Kit. In this study, STC1 was highly expressed in prostate cancer tissue specimens and cells. STC1 knock-
down suppressed prostate cancer cell proliferation, and upregulated Fe2+ level, reduced glutathione (GSH) level, downregu-
lated GPX4 and SLC7A11 protein expressions in PC-3 cells and DU145 cells. Besides, STC1 knockdown decreased glucose 
uptake, lactate product, and ATP level, as well as downregulated glycolysis-related protein HK2 and LDHA protein expres-
sions. In addition, STC1 knockdown repressed the Nrf2/HO-1/NQO1 pathway. Nrf2 pathway activator, Oltipraz, upregu-
lated Nrf2, total NQO1, and HO-1 expressions in PC-3 cells and DU145 cells. Moreover, Nrf2 pathway activator Oltipraz 
reversed the effect of STC1 knockdown on Fe2+ level and GPX4, SLC7A11, HK2, LDHA protein expressions in PC-3 cells 
and DU145 cells. Finally, STC1 knockdown restrained the tumor volume, tumor weight, and glycolysis in prostate cancer in 
vivo. Thus, STC1/Nrf2 pathway is a vital pathway to induce ferroptosis and suppress glycolysis in prostate cancer. 

Key words: stanniocalcin 1, Nrf2, ferroptosis, glycolysis, prostate cancer

Prostate cancer is the main prevalent cancer in the male 
genital system, with 248,530 estimated new cases and 
34,130 estimated deaths in 2021 in the USA [1]. For local-
ized prostate cancer patients, surgery or radiation therapy 
can achieve satisfactory treatment effects [2]. The prolifera-
tion, growth, and differentiation of prostate cancer cells are 
dependent on androgens, so androgen deprivation therapy 
is the main treatment for advanced and metastatic prostate 
cancer patients [3, 4]. However, this treatment is transiently 
effective for advanced prostate cancer patients, and prostate 
cancer will eventually progress to castrate-resistant prostate 
cancer [5]. Therefore, it is essential to develop new methods 
and discover new targets for prostate cancer treatment.

Ferroptosis is a form of erastin-induced cell death that acts 
as a result of fatal lipid peroxidation, and it represses cystine 
import, causes glutathione (GSH) depletion, and glutathione 
peroxidase 4 (GPX4) inactivation [6]. Studies have reported 
that ferroptosis is related to cardiovascular diseases, neuro-
logical diseases, and cancer progression, moreover, it can act 

as a tumor suppressor function [7–9]. In addition, researchers 
have identified the tumor suppression effect of ferroptosis in 
prostate cancer [10, 11]. Increased glycolysis is important for 
the viability, proliferation, and growth of cancer cells, which 
increases glucose uptake and lactate production [12, 13]. 
Studies have shown that sustained treatment of androgen can 
facilitate glucose uptake and lactate production in prostate 
cancer, therefore, androgen exerts a critical role in acceler-
ating prostate cancer glycolysis [14]. Thus, ferroptosis exerts 
a tumor suppression function and glycolysis plays a cancer-
promoting effect in prostate cancer.

Nrf2 is a vital transcriptional modulator, and its activa-
tion can repress oxidative stress and inflammation in cancer, 
such as hepatocellular carcinoma, bladder cancer, and breast 
cancer [15, 16]. Nrf2 increases glycolytic enzyme expressions 
to facilitate glycolytic flow, such as hexokinase 2 (HK2), 
pyruvate kinase muscle (PKM), and enolase 1 (ENO1) [17]. 
Researchers have reported that Nrf2 can facilitate glycolysis 
to enhance the growth of breast cancer cells [18]. A recent 
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study shows that repressing Nrf2 signaling can promote 
ferroptosis in prostate cancer cells [19]. Stanniocalcin1 
(STC1) is a secreted glycoprotein, which promotes Nrf2 
and HO-1 expression, and exerts anti-apoptotic function 
by promoting the Nrf2 pathway in acute kidney injury [20]. 
Our previous study has identified that STC1 is upregulated 
in prostate cancer cells, and STC1 knockdown represses 
prostate cancer cell proliferation in vitro and tumor growth 
in vivo [21]. However, whether STC1 regulates ferroptosis 
and glycolysis via Nrf2 in prostate cancer is not clear.

In this study, we identified the role of STC1 knockdown 
in the induction of ferroptosis and suppression of glycolysis 
in prostate cancer cells and revealed that STC1 exerted its 
function in ferroptosis and glycolysis in prostate cancer 
through the Nrf2 pathway.

Patients and methods

Tissue samples and cell culture. Sixty-eight pairs of 
prostate cancer tissues and adjacent tissues were received 
from prostate cancer patients when they underwent surgery 
at XiangYa hospital. Patients did not receive pre-operative 
treatments, such as radiotherapy or chemotherapy, and were 
confirmed by two histopathologists. Prostate cancer tissues 
were kept at –80 °C. This study was approved by the Ethics 
Committee of XiangYa Hospital of Central South University, 
and informed consent was obtained from all participants.

Prostate cancer cell lines PC-3 (Shanghai Cell Bank of 
Chinese Academy of Sciences, catalog number: SCSP-532), 
DU145, VCaP, LNCaP, and human normal prostate epithe-
lial cell line RWPE-1 were incubated in Dulbecco’s Modified 
Eagle Medium (DMEM) (Gibco, CA, USA) with 10% fetal 
bovine serum (FBS; Gibco), 1% glutamax (Invitrogen, CA, 
USA), and 1% sodium pyruvate (Invitrogen) in a 5% CO2 
incubator at 37 °C.

Short hairpin RNA (shRNA) targeting STC1 (sh-STC1#1, 
5’-GCAGCAGCATCACCAGCAACA-3’; sh-STC1#2, 
5’-GATCCACATCTTCACTCAAGC-3’;  sh-STC1#3, 
5’-TTAGTCCAGGAAGCAATAGTA3’) and shRNA negative 
control (sh-NC, 5’-TTCTTCGAAGGTGTCACGT-3’) 
were obtained from GENECHEM (Shanghai, China). PC-3 
and DU145 cells were transfected with plasmids using a 
Lipofectamine reagent (Invitrogen). Ferroptosis inhibitor 
ferrostatin-1, ferroptosis inducer erastin, and Nrf2 pathway 
activator Oltipraz were obtained from Sigma-Aldrich (MO, 
USA).

qRT-PCR. Total RNAs were isolated from prostate cancer 
tissues and cells with TRIzol reagent (Invitrogen). cDNA 
was synthesized using the PrimeScript 1st Strand cDNA 
Synthesis Kit (Takara, Beijing, China). Real-time PCR 
analyses were performed by One Step TB Green PrimeScrip 
PLUS RT-PCR Kit (Takara, Beijing, China) on a QuantStudio 
5 Real Time System (ThermoFisher Scientific, CA, USA). 
Results were normalized to GAPDH expression. Primers for 
STC1 and GAPDH were shown as follows: STC1, forward 

primer: 5’-GCAGGAAGAGTGCTACAGCAAG-3’, reverse 
primer: 5’-CATTCCAGCAGGCTTCGGACAA-3’; GAPDH, 
forward primer: 5’-AGAAGGCTGGGGCTCATTTG-3’, 
reverse primer: 5’-AGGGGCCATCCACAGTCTTC-3’.

Western blotting. Prostate cancer tissues and cells were 
washed with cold PBS and lysed in RIPA buffer (Beyotime 
Biotechnology, Nantong, China). Proteins were analyzed 
by SDS-PAGE and transferred to the PVDF membrane. 
The blots were probed with primary antibodies at 4 °C for 
12 h: anti-STC1 (1:1000; Abcam, cat. number: ab229477), 
anti-GPX4 (1:1000; Cell Signaling Technology, cat. number: 
59735), anti-SLC7A11 (1:1000; Cell Signaling Technology, 
cat. number: 12691), anti-HK2 (1:1000; Cell Signaling 
Technology, cat. number: 2867), anti-LDHA (1:1000; Cell 
Signaling Technology, cat. number: 3582), anti-Nrf2 (1:1000; 
Cell Signaling Technology, cat. number: 12721), anti-
Lamin B1 (1:1000; Cell Signaling Technology, cat. number: 
13435), anti-HO-1 (1:10000; Abcam, cat. number: ab68477), 
anti-NQO1 (1:1000; Cell Signaling Technology, cat. number: 
62262), anti-β-actin (1:1000; Cell Signaling Technology, 
cat. number: 4970). The HRP-ECL method was applied for 
the evaluation of signal intensities in western blotting. The 
immunoreactive proteins were detected using an ECL kit 
(ThermoFisher Scientific, CA, USA) and quantified using 
iBright Imaging System (Invitrogen, CA, USA).

Cell counting kit-8 assay (CCK-8). CCK-8 assay kit 
(Beyotime Biotechnology, Nantong, China) was used to 
detect PC-3 and DU145 cells’ viability. Cells (3×103) were 
seeded in 96-well plates and incubated for 24, 48, and 72 h. 
CCK-8 solution (10 μl) was added to each well. Optical 
density at 450 nm (OD450) was measured by a microplate 
reader (Bio-Rad, CA, USA).

Iron assay. The relative Fe2+ level in the cell lysate was 
detected by an Iron Assay Kit (Abcam). Fe2+ in the cell lysate 
reacted with Ferene S and incubated for 30 min at 37 °C to 
produce a stable-colored complex. The absorbance at 593 nm 
was analyzed with a microplate reader (Bio-Rad).

Determination of Reactive Oxygen Species (ROS). 
ROS production was determined by 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA; Sigma-Aldrich). PC-3 and 
DU145 cells (5×103 cells/well) were seeded in 96-well plates 
and incubated with 8 μM DCFH-DA for 15 min at 37 °C. 
The fluorescence was measured with a microplate reader 
(Bio-Rad).

Lipid peroxidation malondialdehyde (MDA) assay. 
MDA level was detected by Lipid Peroxidation MDA Assay 
Kit (Beyotime Biotechnology). PC-3 and DU145 cell lysates 
were added with MDA detection solution, heated in a boiling 
water bath for 15 min, cooled to 25 °C, and centrifuged at 
1000×g at 25 °C for 10 min. The absorbance at 532 nm was 
determined by a microplate reader (Bio-Rad).

GSH and GSSG assay. GSH level was determined using 
GSH and GSSG Assay Kit (Beyotime Biotechnology). PC-3 
and DU145 cells precipitation was kept in the ice bath for 
5 min, then centrifuged at 10,000×g at 4 °C for 10 min. The 
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supernatant was used for the determination of total gluta-
thione. Then, the GSH removal solution was added to total 
glutathione, and the absorbance at 412 nm was determined 
using a microplate reader (Bio-Rad) to determine the GSSG 
level. GSH level was calculated according to the formula: 
GSH = Total Glutathione – GSSG × 2.

Glycolysis assay and ATP detection assay. Glucose uptake 
and lactate product were measured by Glycolysis Assay Kit 
(BioVision, CA, USA) and Lactate Assay Kit (BioVision). 
PC-3 and DU145 cells were seeded in 96-well plates (5×105 
cells/well). A glycolysis assay reagent (10 μl) was added to 
each well. The absorbance at 570 nm was determined using 
a microplate reader (Bio-Rad). ATP level was detected by 
Luminescent ATP Detection Assay (Abcam). Cells were 
added with a detergent solution and incubated for 5 min to 
lyse cells and stabilize ATP. Substrate solution was added and 
incubated for 5 min. After incubating in the dark for 10 min, 
the emitted light was determined by a luminescence plate 
reader (Promega, WI, USA).

Animal experiments. Six-week-old BALB/c nude mice 
were obtained from the laboratory animal center of Central 
South University. DU145 cells were transfected with sh-NC or 
sh-STC1. The 0.1 ml DU145 cell suspension including 5×106 
cells was subcutaneously injected into the back of nude mice. 
During 5–30 days of injection, tumor volumes were recorded 
every five days according to the formula: length × width2/2. 
Besides, animal weight was recorded every five days. Mice 
were sacrificed at day 30 by an overdose of 100 mg/kg pento-
barbital sodium via intravenous injection. This animal exper-
iment was approved by the Ethics Committee of XiangYa 
Hospital of Central South University.

Immunohistochemistry staining (IHC). The paraffin-
embedded tumor tissues were fixed, then incubated with 
primary antibodies anti-Ki-67 (1:200; Cell Signaling 
Technology, cat. number: 12202), anti-STC1 (1:100; Abcam, 
cat. number: ab229477), anti-GPX4 (1:50; Abcam, cat. 
number: ab125066), anti-HK2 (1:500; Abcam, cat. number: 
ab209847), anti-LDHA (1:200; Cell Signaling Technology, 
cat. number: 3582) at 4 °C overnight, followed by a secondary 
antibody rabbit IgG (1:100; Abcam, cat. number: ab288151) 
for 60 min. Tissues were incubated with DAPI at 37 °C for 
15 min. Images were examined under a confocal microscope 
(Nikon, Japan).

Statistical analysis. All experiments were independently 
repeated three times. SPSS 20.0 software was used to analyze 
the data. Data were presented as mean ± standard devia-
tion. Differences between the two groups were assessed by 
Student’s t-test. Differences for multiple groups were assessed 
by one-way analysis of variance (ANOVA) followed by the 
Bonferroni post hoc test. A p-value <0.05 was considered 
significant.

Results

STC1 was highly expressed in prostate cancer tissue 
specimens and cells. Previously, we found STC1 was upreg-
ulated in DU145 and LNCaP2 cells [21]. In this study, we 
further determined STC1 expression in prostate cancer tissue. 
mRNA expression of STC1 was elevated in prostate cancer 
tissue than in adjacent tissues (Figure 1A; n=68; p<0.001). In 
addition, we selected six pairs of prostate cancer tissues and 
adjacent tissues and determined that STC1 protein expres-

Figure 1. Stanniocalcin1 (STC1) was highly 
expressed in prostate cancer tissue speci-
mens and cells. A) STC1 mRNA expression 
was measured in prostate cancer tissues 
and adjacent tissues (n=68) by qRT-PCR. 
***p<0.001. B) STC1 protein expression 
was detected in prostate cancer tissues and 
adjacent tissues (n=6) by western blotting. 
**p<0.01. C) STC1 protein expressions in 
prostate cancer cells (PC-3, DU-145, VCaP, 
and LNCaP) and human normal prostate 
epithelial cell line (RWPE-1) were analyzed 
by western blotting. *p<0.05



STC1 REGULATES FERROPTOSIS AND GLYCOLYSIS IN PROSTATE CANCER 1399

in PC-3 cells and DU145 cells transfected with sh-STC1 
(Figure 2E; p<0.05). ROS level was dramatically increased in 
the sh-STC1 group than in the sh-NC group (PC-3 cells and 
DU145 cells; Figure 2F; p<0.01). MDA level was observably 
elevated in the sh-STC1 group than in sh-NC (PC-3 cells and 
DU145 cells; Figure 2G; p<0.01). GSH level was markedly 
repressed in the sh-STC1 group than in sh-NC (PC-3 cells 
and DU145 cells; Figure 2H; p<0.01). Moreover, GPX4 and 
SLC7A11 protein expressions were dramatically decreased in 
the sh-STC1 group than in the sh-NC group (PC-3 cells and 
DU145 cells; Figure 2I; p<0.01). Therefore, STC1 induced 
the proliferation and repressed ferroptosis in PC-3 cells and 
DU145 cells.

STC1 knockdown repressed glycolysis in prostate 
cancer. Since we have identified the effect of STC1 on ferrop-
tosis in prostate cancer, the effect of STC1 on glycolysis was 
further investigated. Glucose uptake, lactate product, and 
ATP level were markedly reduced in the sh-STC1 group 
than in the sh-NC group (in PC-3 cells and DU145 cells; 
Figures  3A–3C; p<0.01). Besides, glycolysis-related protein 
HK2 and LDHA protein expressions were dramatically 
reduced in the sh-STC1 group than in the sh-NC group 
(PC-3 cells and DU145 cells; Figure 3D; p<0.01). Thus, STC1 
induced glycolysis in PC-3 cells and DU145 cells.

STC1 knockdown induced ferroptosis and suppresses 
glycolysis in prostate cancer via Nrf2. Nrf2 induced glycol-
ysis in breast cancer cells [18] and repressed ferroptosis in 
prostate cancer cells [19]. So, whether STC1 modulated the 
Nrf2 pathway in prostate cancer was investigated here. As 
shown in Figure 4A, Nrf2 in the nucleus, total NQO1, and 
HO-1 protein expressions were observably reduced in the 
sh-STC1 group than sh-NC (PC-3 cells and DU145 cells; 
p<0.01), indicating STC1 knockdown repressed the Nrf2/
HO-1/NQO1 pathway in prostate cancer. After the treat-
ment of Nrf2 pathway activator Oltipraz (25 µM), Nrf2 in 
the nucleus, total NQO1, and HO-1 protein expressions were 
significantly upregulated in DU145 cells transfected with 
sh-STC1 (Figure 4B; p<0.01). Absorbance values (OD450) 
were increased in the sh-STC1+ Oltipraz group than in the 
sh-NC and sh-STC1 groups at 48 h and 72 h (DU145 cells; 
Figure 4C; p<0.01). Fe2+ level in DU145 cells was observably 
reduced in the sh-STC1+ Oltipraz group than in the sh-NC 
and sh-STC1 groups (Figure 4D). ROS level was markedly 
repressed in the sh-STC1+ Oltipraz group than in the sh-NC 
and sh-STC1 groups (DU145 cells; Figures 4E, 4F). GPX4, 
SLC7A11, HK2, and LDHA protein expressions were dramat-
ically elevated in the sh-STC1+ Oltipraz group than in the 
sh-NC and sh-STC1 groups (DU145 cells; Figure 4G). Thus, 
STC1 positively modulated the Nrf2 pathway in prostate 
cancer to induce glycolysis and repress ferroptosis.

STC1 knockdown suppresses the proliferation and 
glycolysis in prostate cancer in vivo. To further verify this 
observation, an animal experiment was conducted by subcu-
taneous injection of DU145 cells (5×106) into nude mice, 
with five mice in each group. Tumor volume was markedly 

sion was markedly elevated in prostate cancer tissue than in 
adjacent tissues (Figure 1B; p<0.001). Besides, STC1 protein 
expressions were dramatically upregulated in prostate 
cancer cells (PC-3, DU145, VCaP, and LNCaP) than normal 
RWPE-1 cells (Figure 1C; p<0.05). According to the corre-
lation analysis between STC1 expression and clinicopatho-
logical characteristics in prostate cancer, we found that the 
high STC1 expression was closely related to Gleason score, 
but not related to the age, T stage, metastasis, and invasion 
to partial vesicle (Table 1; p<0.05). Therefore, STC1 expres-
sion was highly expressed in prostate cancer, which might be 
related to prostate cancer progression.

STC1 knockdown suppressed prostate cancer cell 
proliferation and induced ferroptosis in prostate cancer. 
sh-STC1#1, sh-STC1#2, and sh-STC1#3 were used to inter-
fere STC1 expression in PC-3 cells and DU145 cells. We 
found that mRNA and protein expressions of STC1 were 
dramatically downregulated in the sh-STC1#1, sh-STC1#2, 
and sh-STC1#3 groups than in the control and sh-NC 
groups, and sh-STC1#1 achieved a better inhibition effect 
(PC-3 cells and DU145 cells; Figures 2A, 2B; p<0.01). So, we 
used sh-STC1#1 for the following experiments and named 
it sh-STC1. According to the CCK-8 assay, we found that 
absorbance values (OD450) at 48 h and 72 h were markedly 
reduced in the sh-STC1 group than in the sh-NC group (PC-3 
cells and DU145 cells; Figure 2C; p<0.01). In addition, Fe2+ 
levels were observably increased in the sh-STC1 group than 
in the sh-NC group (PC-3 cells and DU145 cells; Figure 2D; 
p<0.01). Moreover, after the treatment of ferroptosis inducer 
erastin, Fe2+ level was significantly upregulated in PC-3 cells 
and DU145 cells, whereas after the treatment of ferroptosis 
inhibitor ferrostatin-1, Fe2+ level was markedly decreased 

Table 1. Correlation between STC1 expression and the clinical pathologi-
cal features of 68 prostate cancer patients.

Characteristic All cases
STC1 expression

p-valueHigh 
(n=34)

Low 
(n=34)

Age (years) 0.168
<60 26 14 12
≥60 42 20 22

Gleason score 0.028*
<7 29 11 20
≥7 39 23 14

T stage 0.625
T 1–2 30 14 16
T 3–4 38 20 18

Metastasis to lymph nodes 0.457
Yes 27 15 12
No 41 19 22

Invasion to seminal vesicle 0.622
Yes 40 21 19
No 28 13 15

Note: *p<0.05
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reduced in the sh-STC1 group than in the sh-NC group 
(Figure 5A). No significant difference was observed in mice 
weight between the sh-NC and sh-STC1 groups (Figure 5B), 
whereas tumor weight was observably decreased in the 
sh-STC1 group than in the sh-NC group (Figure 5C). Ki-67, 
STC1, GPX4, SLC7A11, HK2, and LDHA tumor expres-
sions (percentage of tumor cells staining for Ki-67, STC1, 
GPX4, SLC7A11, HK2, and LDHA) by IHC assay were 
markedly reduced in the sh-STC1 group than in the sh-NC 
group (Figure 5D). Nrf2 in the nucleus, total NQO1, and 
HO-1 protein expressions were dramatically reduced in 
the sh-STC1 group than in the sh-NC group (Figure 5E). 
Taken together, STC1 facilitated the growth and glycolysis of 
prostate cancer in an animal experiment.

Discussion

STC1 is a secreted glycoprotein that can modulate calcium 
and phosphate homeostasis in plasma [22]. STC1 is highly 
expressed in cancer tissues and cells and exerts an oncogenic 
function in many cancers [23]. For example, STC1 expres-
sion is elevated in colorectal cancer, and the deficiency of 
STC1 in fibroblasts decreases the infiltration of tumor cells 
and the formation of distant metastasis [23]. STC1 is highly 
expressed in ovarian cancer cells, and the inhibition of STC1 
expression by sevoflurane represses ovarian cancer cell prolif-
eration and invasion [24]. Our previous report showed that 
STC1 expression was elevated in prostate cancer cells and 
STC1 knockdown repressed prostate cancer cell proliferation 

Figure 2. STC1 knockdown suppressed prostate cancer cell proliferation and induced ferroptosis in prostate cancer. PC-3 cells and DU145 cells were 
transfected with sh-STC1#1, sh-STC1#2, and sh-STC1#3. A, B) STC1 mRNA and protein expressions in the control, sh-NC, sh-STC1#1, sh-STC1#2, 
and sh-STC1#3 groups (in PC-3 cells and DU145 cells) were measured by qRT-PCR and western blotting. **p<0.01. C) Absorbance values (OD450) 
in the sh-NC and sh-STC1 groups (in PC-3 cells and DU145 cells) at 24 h, 48 h, and 72 h were determined by CCK-8 assay. **p<0.01. D) Fe2+ levels in 
the sh-NC and sh-STC1 groups (in PC-3 cells and DU145 cells) were measured by Iron Assay Kit. E) PC-3 cells and DU145 cells were divided into the 
sh-NC, sh-STC1, sh-STC1+erastin, sh-STC1+ferrostatin-1 groups. Then, Fe2+ levels in PC-3 cells and DU145 cells were measured by Iron Assay Kit. 
F) ROS levels in the sh-NC and sh-STC1 groups (in PC-3 cells and DU145 cells) were determined by immunofluorescence assay. G) MDA levels in the 
sh-NC and sh-STC1 groups (in PC-3 cells and DU145 cells) were measured by Lipid Peroxidation MDA Assay Kit. H) GSH levels in the sh-NC and sh-
STC1 groups (in PC-3 cells and DU145 cells) were measured by GSH and GSSG Assay Kit. I) GPX4 and SLC7A11 protein expressions in the sh-NC and 
sh-STC1 groups (in PC-3 cells and DU145 cells) were detected by western blotting. **p<0.01
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in vitro and tumor growth in vivo [21]. Costa et al. found that 
STC1 expression was elevated in more aggressive prostate 
cancer tissues, and anti-STC1 antibody repressed PC-3 cell 
proliferation and facilitated cell apoptosis [25]. In this study, 
mRNA and protein expressions of STC1 were elevated in 
prostate cancer tissues and cells lines (PC-3, DU145, VCaP, 
LNCaP), which indicated that the elevated STC1 might exert 
an oncogenic function in prostate cancer.

Ferroptosis is an adaptive characteristic that can remove 
malignant cells, which exerts a key function in inhibiting 
tumorigenesis by eliminating cells that lack critical nutrients 
or are injured due to infection or environmental stress [26]. 
Ferroptosis is mainly caused by extramitochondrial lipid 
peroxidation due to the increase of ROS [27]. It is a tumor 
protein p53-mediated activity, which is negatively modulated 
by SLC7A11 and GPX4 during tumor suppression [28, 29]. 
Researchers have shown that the treatment of ferroptosis 
inducers (erastin and RSL3) could increase ROS levels, 
reduce the proliferation, invasion, and migration of PC-3 and 
DU145 cells in vitro, and repress tumor growth in vivo [30]. 
Ferroptosis-related genes SLC7A11 and GPX4 expressions 
were repressed by Flubendazole in PC-3 and DU145 cells, 
which showed a vital role of ferroptosis in castration-resis-
tant prostate cancer [10]. However, whether STC1 modulates 
ferroptosis in prostate cancer is not revealed. In this study, 
STC1 knockdown promoted Fe2+ level, sh-STC1+erastin 
further promoted Fe2+ level, and sh-STC1+errostatin-1 
decreased Fe2+ level in PC-3 and DU145 cells. Moreover, 
STC1 knockdown increased ROS level and MDA level, 

decreased GSH level, GPX4 and SLC7A11 expressions in 
PC-3 and DU145 cells. These findings identified that STC1 
knockdown induced ferroptosis in prostate cancer.

Glycolysis is a prominent characteristic of cancer cells 
that exerts a vital function in the proliferation, migration, 
invasion, and drug resistance of cancer cells [31]. Although 
the efficiency of glycolysis is low, glycolysis is active in cancer 
cells because it can promptly generate more energy and 
metabolites [32]. Researchers have shown that enhanced 
glycolysis was exhibited in androgen-independent prostate 
cancer cells, and the inhibition of glycolysis in prostate 
cancer cells repressed tumor growth [33, 34]. Ohkouchi et 
al. found that mesenchymal stromal cells-derived STC1 
enhanced glycolysis and increased lactate production in 
lung cancer [35]. In this study, STC1 knockdown reduced 
glucose uptake, lactate product, and ATP level, downregu-
lated glycolysis-related protein HK2 and LDHA expressions 
in PC-3 cells and DU145 cells. These findings confirmed that 
STC1 knockdown repressed glycolysis in prostate cancer.

Nrf2 is a vital modulator in antioxidant response which 
promotes glutathione level and reduces ROS level [36]. Fan et 
al. showed that Nrf2 overexpressing gliomas were less sensi-
tive to ferroptosis inducers (erastin and RSL3), indicating 
Nrf2 reduced ferroptotic cell death [37]. Wiel et al. found that 
Nrf2 increased glucose uptake, glycolysis rates, and lactate 
secretion to facilitate glycolysis in lung cancer [38]. Moreover, 
STC1 promoted Nrf2 and HO-1 expression and exerted anti-
apoptotic function by facilitating the Nrf2 pathway in acute 
kidney injury [20]. However, whether STC1 regulates ferrop-

Figure 3. STC1 knockdown repressed glycolysis in prostate cancer. A–C) Glucose uptake, lactate product, and ATP level in the sh-NC and sh-STC1 
groups (in PC-3 cells and DU145 cells) were determined by glycolysis assay and ATP detection assay. D) HK2 and LDHA protein expressions in the 
sh-NC and sh-STC1 groups (in PC-3 cells and DU145 cells) were measured by western blotting. **p<0.01
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Figure 4. STC1 knockdown induced ferroptosis and suppresses glycolysis in prostate cancer via Nrf2. A) Nrf2 in the nucleus, total NQO1, and HO-1 
protein expressions in the sh-NC and sh-STC1 groups (in PC-3 cells and DU145 cells) were measured by western blotting. **p<0.01. B) DU145 cells 
were divided into the sh-NC, sh-STC1, and sh-STC1+Oltipraz (25 µM) groups. Nrf2 in the nucleus, total NQO1, and HO-1 protein expressions in 
DU145 cells were determined by western blotting. **p<0.01. C) Absorbance values (OD450) in the three groups of DU145 cells at 24 h, 48 h, and 72 h 
were determined by the CCK-8 assay. **p<0.01 D) Fe2+ levels in the three groups of DU145 cells were measured by Iron Assay Kit. E, F) ROS levels in 
the three groups of DU145 cells were determined by immunofluorescence assay. G) GPX4, SLC7A11, HK2, and LDHA protein expressions in the three 
groups of DU145 cells were measured by western blotting. **p<0.01
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tosis and glycolysis in prostate cancer is not illustrated. In this 
study, STC1 knockdown downregulated Nrf2, HO-1, and 
NQO1 protein expressions in PC-3 cells and DU145 cells, 
whereas Nrf2 pathway activator Oltipraz reversed the inhibi-
tion effect of STC1 knockdown on these protein expressions, 
which suggested that STC1 positively modulated the Nrf2 
pathway in prostate cancer. In addition, STC1 knockdown 
increased Fe2+ level, ROS level, downregulated ferroptosis-
related protein GPX4 and SLC7A11 expressions, and reduced 
glycolysis-related protein HK2 and LDHA expressions in 
DU145 cells. Whereas Oltipraz reversed the effect of STC1 
knockdown on Fe2+ level, ROS level, and these protein expres-
sions, indicating STC1 knockdown induced ferroptosis and 
suppressed glycolysis of prostate cancer via Nrf2.

STC1 knockdown can repress tumor growth of prostate 
cancer cell DU145 xenografts [21]. However, whether STC1 
knockdown induced ferroptosis and suppressed glycolysis in 
prostate cancer in vivo was not investigated. In this in vivo 
animal study, STC1 knockdown reduced ferroptosis-related 
protein GPX4 and SLC7A11 expressions and decreased 
glycolysis-related protein HK2 and LDHA expressions in 

prostate cancer tissues. Besides, STC1 knockdown repressed 
tumor weight and volume, downregulated proliferation 
marker Ki-67 expression, and suppressed the Nrf2 pathway. 
Thus, STC1 knockdown suppresses the growth and glycolysis 
and induced ferroptosis in prostate cancer in vivo xenograft 
model.

Taken together, our data identified STC1 knockdown 
suppressed cancer cell proliferation, induced ferroptosis, and 
repressed glycolysis in prostate cancer via the Nrf2 pathway 
in vitro, as well as suppressed tumor growth and glycolysis, 
and facilitated ferroptosis in prostate cancer in vivo. However, 
we only initially revealed the role of STC1 knockdown and 
its downstream molecules in prostate cancer. The upstream 
molecules in the modulation of STC1 are not investigated 
in this study. So, more experiments will be conducted to 
illustrate the underlying mechanism of STC1 in modulating 
ferroptosis and glycolysis in prostate cancer.

Figure 5. STC1 knockdown suppresses the proliferation and glycolysis in prostate cancer in vivo. DU145 cells transfected with sh-NC or sh-STC1 were 
subcutaneously injected into nude mice (n=5). A) Tumor volume was measured every five days for 30 days in the sh-NC and sh-STC1 groups. B, C) 
Mice weight was measured every five days for 30 days in the sh-NC and sh-STC1 groups. Then, all mice were sacrificed and tumor weight was recorded 
in the sh-NC and sh-STC1 groups. D) Ki-67, STC1, GPX4, SLC7A11, HK2, and LDHA expressions in the sh-NC and sh-STC1 groups by immunohis-
tochemistry (IHC). E) Nrf2 in the nucleus, total NQO1, and HO-1 protein expressions in the sh-NC and sh-STC1 groups were determined by western 
blotting. **p<0.01
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