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Original Article 
The knockdown of the sepiapterin reductase gene  
suppresses the proliferation of breast cancer  
by inducing ROS-mediated apoptosis
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Abstract: Background: Sepiapterin reductase (SPR) is an important regulator of the biosynthesis of tetrahydrobiop-
terin (BH4), which has been shown to be a promoter of different kinds of tumors. This study aims to investigate the 
role of SPR in breast cancer and to explore its molecular mechanism. Methods: SPR expressions in breast cancer 
tissues with different pathological stages were compared with the corresponding pericarcinomatous tissues and 
were analyzed using immunohistochemical staining and western blot. SPR knockdown was performed in MDA-
MB-231 and MDA-MB-468 triple-negative breast cancer cells using specific siRNAs. Quantitative real-time PCR 
and western blot were used to determine the efficiency of the SPR knockdown. The intracellular BH4 levels were 
measured using HPLC, and the intracellular ROS levels were measured using an ROS detection kit. Clone forma-
tion and cell proliferation assays were used to study the effect of the SPR knockdown on cell proliferation. Annexin 
V/PI double staining, cell mitochondria isolation, and western blot were performed to study the effect of the SPR 
knockdown on cell apoptosis. ROS scavenger NAC was used to inhibit increased ROS caused by the SPR knock-
down. Results: SPR is highly expressed in breast cancer tissues compared with the pericarcinomatous tissues and 
positively correlated with the pathological stages. The knockdown of SPR causes decreased intracellular BH4 and 
increased intracellular ROS and inhibits the proliferation of MDA-MB-231 and MDA-MB-468 cells. The knockdown 
of SPR also induces mitochondrial pathway-mediated apoptosis. NAC suppresses the SPR knockdown-caused cell 
apoptosis and cell death. Conclusions: SPR promotes the proliferation of breast cancer cells. The knockdown of SPR 
suppresses the proliferation of breast cancer cells by inducing ROS-mediated apoptosis.
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Introduction

Metabolic reprogramming is a hallmark of can-
cer cells [1]. Dissecting the complex regulatory 
network is critical for target discovery and  
the development of anti-cancer medicines. 
Tetrahydrobiopterin (BH4; 6R-L-erythro-5,6,7,8-
tetrahydrobiopterin) is involved in the process 
of phenylalanine catabolism [2], lipid metabo-
lism [3], and immunometabolism [4], which is a 
regulator of cell metabolism. In addition, sever-
al studies has previously demonstrated the role 
of BH4 in the growth, angiogenesis, and migra-
tion of cancer cells [5-7]. Sepiapterin reductase 
(SPR) is an important regulator of the biosyn-
thesis of BH4, which has been demonstrated to 
be significantly correlated with the proliferation 
of human neuroblastoma (NB) [8] and hepato-

cellular carcinoma [9]. However, SPR’s biologi-
cal functions and its underlying mechanisms  
in most cancer types are still unclear. Among 
these undetermined cancer types, breast can-
cer is still the leading causes of cancer-related 
death in women [10]. Whether SPR and BH4 are 
involved in the development of breast cancer is 
of interest.

In addition, it has been reported that BH4 is 
highly redox-sensitive and easily oxidized [11, 
12], and it is also an effective ROS scavenger 
[13-15]. ROS is a common inducer of mitochon-
drial pathway-mediated apoptosis. When cells 
are stimulated by ROS, cytochrome C is re- 
leased through the mitochondrial membrane 
into the cytoplasms, and this is one of the most 
critical mitochondrial pathway steps. In this 
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step, the Bcl-2 family proteins such as Bax are 
activated to bind to the mitochondrial outer 
membrane, forming a channel facilitating sub-
stance exchange between the mitochondria 
and the cytoplasms, which causes the release 
of cytochrome C. At the same time, the Bcl-2 
itself can inhibit the function of Bax and hinder 
the process that plays an anti-apoptotic role 
[16]. 

In this study, we report the role of SPR in facili-
tating the proliferation of breast cancer. The 
knockdown of SPR suppresses the production 
of BH4 and induces apoptosis through the ROS-
mediated mitochondrial pathway. Thus, our 
study provides evidence for SPR as a therapeu-
tic target in the treatment of breast cancer.

Materials and methods

Cell culture

MDA-MB-231 and MDA-MB-468 cell lines were 
obtained from the American Type Culture 
Collection (ATCC) and cultured in Dulbecco’s 
modified eagle medium (DMEM) containing 
10% fetal bovine serum (FBS), 50  U/mL penicil-
lin, and 50  U/mL streptomycin. All the cells 
were cultured at 37°C in a humidified atmo-
sphere containing 5% CO2.

Human breast cancer specimens and immu-
nohistochemical staining

29 human breast cancer specimens and the 
corresponding pericarcinomatous tissues were 
collected from the Department of Surgical 
Oncology of the First Affiliated Hospital of 
Bengbu Medical College. The SPR expressions 
were determined using immunochemistry.

Western blot

Cell lysates were prepared in a RIPA buffer (20 
mM Tris-HCl, pH 7.5, 0.1% (w/v) sodium lauryl 
sulfate, 0.5% (w/v) sodium deoxycholate, 135 
mM NaCl, 1% (v/v) Triton X-100, 10% (v/v) glyc-
erol, 2 mM EDTA), supplemented with a prote-
ase inhibitor and a phosphatase inhibitor 
(Beyotime, Jiangsu, China). The total protein 
concentration was determined using the 
Bradford Bio-Rad assay (Hercules, CA, USA) 
and quantified using a BioTek SynergyMx 
(Winooski, VT, USA). The cell lysates in the SDS-
sample buffer were incubated for 15 min at 

95°C, and equal amounts of total protein were 
analyzed using SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blot. The 
antibodies used in this study were: rabbit anti-
SPR antibody, purchased from Abcam (Cam- 
bridge science park, England), rabbit anti-p-
mTOR (Ser2448), rabbit anti-p-p70S6k (Ser- 
371), rabbit anti-cytochrome C, and anti-rabbit 
IgG, HRP-linked antibody, purchased from Cell 
Signaling Technology, Danvers, USA, rabbit 
anti-mTOR, rabbit anti-p70S6k, rabbit anti-cas-
pase 3, rabbit anti-cleaved caspase 3, rabbit 
anti-caspase-9, rabbit anti-cleaved caspase-9, 
rabbit anti-PARP, rabbit anti-cleaved PARP, rab-
bit anti-Bcl-2, rabbit anti-Bax, and rabbit anti- 
β-actin, obtained from Proteintech (Wuhan, 
China). All the primary antibodies were used at 
1:1000, and all the secondary antibodies were 
used at 1:10,000.

siRNA and transfection

SPR siRNA (siSPR#1, siSPR#2 and siSPR#3) 
and non-targeting siRNA (NC) were purchas- 
ed from Shanghai Genomeditech Co., Ltd. 
(Shanghai, China). The of siSPR#1, siSPR#2, 
and siSPR#3 sequences were 5’-GACUGC- 
UGCUUAUCAACAATT-3’, 5’-GCUGCUCGUGAUA- 
UGCUGUTT-3’ and 5’-CCCAACTGAAGTGAACA- 
ACTA-3’ respectively. The transfection of the 
SPR siRNA was performed using the lipo-
fectamine 3000 transfection reagent (Invi- 
trogen, USA), according to the manufacturer’s 
instructions.

Quantitative real-time PCR (qRT-PCR)

The total cellular RNA was isolated with the 
TRIzol® Reagent (Vazyme Biotech, Jiangsu, 
China) and reverse transcribed with the HiScript 
QRT SuperMix for quantitative PCR (qPCR; 
Vazyme Biotech, Jiangsu, China). The mRNA 
level was measured with the SYBR Green mas-
ter mix (Vazyme Biotech, Jiangsu, China). The 
amount of mRNA for each gene was standard-
ized with the internal control (GAPDH mRNA). 
Each treatment group was compared with the 
control group to show the relative mRNA level. 
The primer sequences for quantitative qRT-PCR 
are provided in Table 1.

Clone formation assay

After transfection of the SPR siRNA for 48 h, 
1000 cells were plated in 6-well culture plates. 
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After 14 days’ culture, the cells were stained 
with crystal violet solution (Beyotime, Jiangsu, 
China). The number of colonies was then count-
ed macroscopically. 

Cell proliferation assay

After transfection of the SPR siRNA for 48 h, 
5×104 cells were seeded into 12-well culture 
plates. The cells were counted using an auto-
matic counter (Countstar) every 24 h. The pro-
liferation curves were produced using GraphPad 
Prism 8 software.

Annexin V/PI double staining

After transfection of the SPR siRNA for 48 h, 
the apoptotic cells were identified using an 
Annexin V-FITC Apoptosis Detection Kit (Vazyme 
Biotech, Jiangsu, China) in accordance with the 
manufacturer’s instructions. The flow cytome-
try analysis was performed immediately after 
the supravital staining. The data acquisition 
and analysis were performed in a Becton 
Dickinson FACS-Calibur flow cytometer using 
Cell Quest software (Franklin Lakes). Tp block 

tic acid) or alkalytic (0.1 mol/l NaOH) solutions 
containing 2.5% I2/10% KI or 0.9% I2/1.8% KI, 
as shown previously. After centrifugation, 20 μl 
supernatant was injected into an HPLC system 
with a fluorescent detector. Excitation and 
emission wavelengths of 350 and 450 nm, 
respectively, were used to detect the fluores-
cent BH4 and its oxidized species, as previously 
shown [17, 18].

ROS detection

After transfection of the SPR siRNA for 48 h, 
the cells were collected and alkalytic intracel-
lular ROS level was determined using a Re- 
active Oxygen Species Assay Kit (Beyotime, 
Jiangsu, China) according to the manufacturer’s 
instructions.

Cell mitochondria isolation

After the transfection of the SPR siRNA for 48 
h, cell mitochondria isolation was performed 
using a Cell Mitochondria Isolation Kit (Beyo- 
time, Jiangsu, China) according to the manu- 
facturer’s instructions. Briefly, the cells were 
washed with PBS and digested with trypsin, 
then the cells were centrifuged at a speed of 
100-200 g for 5 min to collect alkalytic cells. 
We then transferred the cells to clean tubes 
and homogenized the cells 10-30 times. The 
cell homogenate was centrifuged at a speed of 
600 g at 4°C for 10 min. We transferred the 
supernate to another clean tube and centri-
fuged it at a speed of 11000 g at 4°C for 10 
min. The supernate was cytosol, and the depos-
it was mitochondria. 

Statistical analysis

All of the results were presented as the mean ± 
SD from triplicate experiments performed in a 
parallel manner unless otherwise indicated. 
Statistically significant differences (One-way 
ANOVAs followed by Bonferroni’s Multiple Com- 
parison Test) were determined using GraphPad 

Table 1. Primer sequences for qRT-PCR
Gene Sequences
GAPDH Forward Sequence: GTCTCCTCTGACTTCAACAGCG

Reverse Sequence: ACCACCCTGTTGCTGTAGCCAA
SPR Forward Sequence: GACCTGAAAGTGGTGCTGGCAG

Reverse Sequence: GAGGAAGCCTTTGGAAACATCCC

the ROS, the cells were treated with 5 
mmol/L N-acetylcysteine (NAC, Beyotime).

BH4 detection

The cells were lysed using trichloroacetic 
acid containing 10 mmol/l dithiothreitol. 
The lysates were subjected to differential 
oxidation in acidic (0.2 mol/l trichloroace-

Table 2. The characteristics of the patients
Characteristics Sub-groups Number
Age (years) < 50 12

≥ 50 17
Tumor size (cm) < 2 13

≥ 2 16
TNM stage I-II 19

III-IV 10
ER status Negative 14

Positive 15
PR status Negative 17

Positive 12
HER-2 status Negative 14

Positive 15
Lymph nodal status Negative 18

Positive 11
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Prism 8 software. A value of P < 0.05 was con-
sidered significant, and values of P < 0.01, P < 
0.001 and P < 0.0001 were considered highly 
significant.

Results

SPR expression is up-regulated in tumor tis-
sues and positively correlates with pathologi-
cal stages

To investigate the role SPR plays in the progres-
sion of breast cancer, 29 breast cancer patients 
with different pathological stages were recruit-
ed as the study cohort. These patients’ detailed 
information is shown in Table 2, and the SPR 
expressions in the different pathological sta- 
ges were analyzed using immunohistochemical 

staining and western blot. Compared with the 
pericarcinomatous tissues, the SPR expres-
sions in the tumor tissues were significantly 
higher (Figure 1A). In addition, the SPR expres-
sions were also positively correlated with the 
pathological stages (Figure 1B). Thus, these 
results suggest that SPR might facilitate the 
progression of breast cancer.

The knockdown of SPR inhibits the prolifera-
tion of breast cancer cells

To elucidate the role SPR plays in breast can-
cer, two triple-negative breast cancer cell lines, 
MDA-MB-231 and MDA-MB-468, were adopt-
ed. We first analyzed the SPR expressions in 
the MDA-MB-231 and MDA-MB-468 cells com-
pared with the non-tumorigenic mammary 

Figure 1. SPR is highly expressed in breast cancer tissues and positively correlated with pathological stage. A. Rep-
resentative pictures of the immunohistochemical staining of SPR in breast cancer tissue with different pathological 
stages compared with the corresponding pericarcinomatous tissues. B. The SPR expressions in the breast cancer 
tissues with different pathological stages were analyzed using western blot. The data are represented as the mean 
± SD in triple. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 2. The knockdown of SPR inhibited the proliferation of MDA-MB-231 and MDA-MB-468 breast cancer cells. 
(A) The SPR expressions in the non-tumorigenic mammary gland epithelial cell lines MCF10A and MDA-MB-231 and 
MDA-MB-468 triple-negative breast cancer cells were analyzed using western blot. (B, C) The MDA-MB-231 and 
MDA-MB-468 breast cancer cells were transfected with NC, siSPR#1, siSPR#2, and siSPR#3 for 4 h, then replaced 
with fresh DMEM containing 10% FBS for another 48 h culture. mRNA and protein samples were harvested, the 
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gland epithelial cell line MCF10A. As shown in 
Figure 2A, the SPR expressions in the MDA-
MB-231 and MDA-MB-468 cells were signifi-
cantly higher. To further study the role of SPR  
in these two cell lines, a knockdown of SPR 
using siRNA was performed. Among the three 
siSPR sequences, the knockdown efficiency of 
siSPR#3 was consistent and achieved 80% in 
both breast cancer cell lines at both the mRNA 
and protein levels (Figure 2B and 2C). Thus, we 
chose siSPR#3 to use in our following experi-
ments. We first tested the effect of the SPR 
knockdown on the clone formation and prolif-
eration. The SPR knockdown inhibited the for-
mation of cell clones and suppressed the prolif-
eration of both breast cancer lines (Figure 2D 
and 2E). The mTOR signaling pathway, which is 

closely related to cell proliferation, was also 
suppressed by the SPR knockdown, as shown 
by the decreased expression of phosphorylat-
ed mTOR and phosphorylated p70S6k (Figure 
2F). Taken together, these results indicate that 
the knockdown of SPR inhibits the proliferation 
of breast cancer cells.

The knockdown of SPR induces apoptosis in 
breast cancer cells

To determine whether the marked reduction in 
cell proliferation caused by the SPR knockdown 
could be attributed to the activation of apop-
totic cell death, flow cytometry was performed 
to determine the effect of the SPR knockdown 
on the cell apoptosis. As shown in Figure 3A 

mRNA expression of SPR was analyzed using qRT-PCR (B), and the SPR protein expression was analyzed using 
western blot (C). (D) After the transfection of siSPR#3, 1000 cells were seeded into 6-well plates and cultured for 14 
days, then the cells were stained with a crystal violet solution. (E) After the transfection of siSPR#3, 5×104 cells were 
seeded into 12-well-plates and cultured for 3 days, and the cells were counted every 24 h. (F) After the transfection 
of siSPR#3 and culturing the cells to 90% confluence, the cells were harvested, and the mTOR, p-mTOR, p70S6k, 
and p-p70S6k expressions were analyzed using western blot. The data are represented as the mean ± SD in triple. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Figure 3. SPR knockdown induces apoptosis in MDA-MB-231 and MDA-MB-468 breast cancer cells. A, B. After the 
transfection of siSPR#3, the cells were stained with PI and Annexin V, and the apoptotic cells were analyzed using 
flow cytometry. C, D. After the transfection of siSPR#3 and culturing the cells to 90% confluence, the cells were 
harvested and the caspase-3, cleaved-caspase 3, caspase-9, cleaved-caspase-9, PARP, and cleaved-PARP expres-
sions were analyzed using western blot. The data are represented as the mean ± SD in triple. **P < 0.01; ***P < 
0.001; ****P < 0.0001.
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and 3B, the SPR knockdown indeed increased 
the apoptotic cells in both breast cancer cell 
lines. The cleavages of caspase 3, caspase-9, 
and PARP, three markers of cell apoptosis, were 

also increased by the SPR knockdown, which 
confirmed the cell apoptosis at the molecular 
level (Figure 3C and 3D). Thus, these results 
suggest that SPR knockdown induces apopto-

Figure 4. SPR knockdown activates the mitochondrial apoptotic pathway. A. After the transfection of siSPR#3, the 
cells were lysed and BH4 was measured using HPLC. B. After the transfection of siSPR#3 and culturing the cells to a 
90% confluence, the cells were harvested, and the intracellular ROS level was measured using an ROS assay kit. C. 
After the transfection of siSPR#3 and culturing the cells to a 90% confluence, the cells were harvested and the Bcl-2 
and Bax expressions were analyzed using western blot. D. After the transfection of siSPR#3 and culturing the cells 
to 90% confluence, the mitochondria and cytosol were isolated and the expression of cytochrome C was measured 
using western blot. The data are represented as the mean ± SD in triplicate. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.
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sis in MDA-MB-231 and MDA-MB-468 breast 
cancer cells.

The knockdown of SPR activates the mitochon-
drial apoptotic pathway in breast cancer cells

Next, we investigated the underlying mecha-
nism of the SPR knockdown that caused the 
suppressed proliferation of breast cancer cells. 
It was reported that BH4 is an effective scaven-
ger of ROS. Thus, we hypothesized that the SPR 
knockdown induced oxidative stress in the 
breast cancer cells. We first tested the effect of 
the SPR knockdown on the intracellular BH4 
levels in both the MDA-MB-231 and MDA-
MB-468 breast cancer cells. As expected, the 
intracellular BH4 levels were significantly re- 
duced in these two breast cancer cell lines 
(Figure 4A). In contrast, the intracellular ROS 
level was increased by the SPR knockdown 
(Figure 4B). As ROS is a common inducer of the 
mitochondrial pathway of apoptosis, we hypoth-
esized that SPR induced apoptosis via the mito-
chondrial pathway. The results showed that the 
SPR knockdown suppressed the expression of 
Bcl-2, an anti-apoptotic protein, and increased 
the expression of Bax, a pro-apoptotic protein 
(Figure 4C). Furthermore, the SPR knockdown 
significantly promoted the release of cyto-
chrome C from the mitochondria to the cytosol 
(Figure 4D). These results strongly demon-
strate that SPR knockdown activates the mito-
chondrial apoptotic pathway.

The ROS scavenger NAC partially reverses SPR 
knockdown-induced apoptosis and prolifera-
tion inhibition

The above results showed that SPR knockdown 
increases the intracellular ROS levels. In order 
to study the role of ROS in SPR knockdown-
induced apoptosis and proliferation inhibition, 
the ROS scavenger NAC was used to clear the 
intracellular ROS. As shown in Figure 5A, NAC 
indeed inhibited the increase of the intracellu-
lar ROS levels caused by the SPR knockdown. 
Then, Annexin V/PI staining was performed. 
The results showed that NAC decreased the 
apoptotic cells caused by the SPR knock- 
down (Figure 5B). At the molecular level, the 
increased cleavages of caspase 3, caspase-9, 
and PARP induced by the SPR knockdown  
were also suppressed by NAC (Figure 5C). 
Furthermore, the clone formation and cell pro-
liferation inhibited by the SPR knockdown were 

both attenuated by NAC (Figure 5D and 5E). 
Taken together, these results indicate that the 
ROS scavenger NAC partially reverses SPR 
knockdown-induced apoptosis and prolifera-
tion inhibition.

Discussion

Although the biological functions of SPR in BH4 
biosynthesis have been well studied, SPR’s 
potential roles and underlying mechanisms in 
the progression of cancers are still not widely 
recognized, including in breast cancer. In our 
present study, we compared the expressions 
between human breast cancer tissues and 
their corresponding pericarcinomatous tissues 
and investigated the role of SPR in the develop-
ment of breast cancer cells. According to our 
results, the SPR expression in breast cancer 
tissues was significantly higher than in their 
corresponding pericarcinomatous tissues. The 
knockdown of SPR inhibited the production of 
BH4 and induced ROS-mediated apoptosis 
through the mitochondrial pathway. Importantly, 
the knockdown of SPR obviously suppressed 
the proliferation of breast cancer cells. These 
anti-breast cancer effects of SPR knockdown 
were attenuated by ROS scavenger NAC, which 
highlighted the role of ROS in the SPR knock-
down-mediated anti-breast cancer effect. Thus, 
our study provides evidence for SPR as a thera-
peutic target for breast cancer.

Previous studies have clarified the role of SPR 
in NB [8] and hepatocellular carcinoma [9]; 
however, the underlying mechanisms still were 
not fully illustrated. BH4 can also function as an 
anti-oxidant [13-15], but the role of SPR in regu-
lating oxidative stress in cancer cells, including 
breast cancer cells, is still unclear. Our results 
showed that the knockdown of SPR causes 
reduced BH4 production and increased ROS lev-
els inside breast cancer cells. ROS is a common 
inducer of mitochondrial pathway-mediated 
apoptosis [19]. Bcl-2 is an anti-apoptotic mole-
cule, and Bax, caspase-3, caspase-9 are pro-
apoptotic molecules. When mitochondrial apo- 
ptotic pathway is activated, MMP will decrease 
and Cytochrome C will be released to cytosol 
[20]. In present study, knockdown of SPR pro-
moted the expression of activated caspase 3, 
caspase-9, and Bax, inhibited the expression of 
Bcl-2. In addition, the cytochrome C released 
from the mitochondria to cytosol was also 
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Figure 5. NAC partially reverses the SPR knockdown induced apoptosis and proliferation inhibition. (A) The cells were transfected with siSPR#3 for 4 h and replaced 
fresh DMEM containing 10% FBS for 24 h, then 5 mM NAC was added and cultured for another 24 h. The cells were harvested, and the intracellular ROS level was 
measured using a ROS assay kit. (B) The cells were treated as mentioned above in (A), then the cells were stained with PI/Annexin V, and the apoptotic cells were 
analyzed using flow cytometry. (C) The cells were treated as mentioned above in (A), then the cells were harvested and the caspase-3, cleaved-caspase-3, cas-
pase-9, cleaved-caspase-9, PARP, and cleaved-PARP expressions were analyzed using western blot. (D) The cells were transfected with siSPR#3 for 4 h and replaced 
with fresh DMEM containing 10% FBS for 48 h to 80% confluence, then 1000 cells were seeded into 6-well plates, and the medium was replaced with fresh medium 
with or without 5 mM NAC every 2 days for 14 days. Then the cells were stained with crystal violet solution. (E) The cells were treated as mentioned above in (D) 
and the number of cells was counted every day for 3 days. The data are represented as the mean ± SD in triplicate. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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increased by the SPR knockdown. These results 
strongly indicate that the SPR knockdown 
caused the mitochondrial pathway-mediated 
apoptosis. Thus, our study demonstrates the 
role SPR plays in the proliferation of breast can-
cer cells and provides a possible therapeutic 
strategy for breast cancer.
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