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Ferroptosis, a newly discovered form of programmed cell death characterized by lipid peroxidation, crafts a new perspective on cancer treatment. Serine and arginine rich splicing factor 9 (SFRS9) is frequently described as a proto-oncogene in cervical and bladder cancer. However, the role of SFRS9 in colorectal cancer (CRC) and whether SFRS9 exerts its function associated with ferroptosis is largely unknown. Herein, we found that the expression of SFRS9 mRNA and protein in the CRC tissues was obviously higher than that in the paracancerous tissues. Function assays revealed that SFRS9 overexpression (SFRS9-OE) significantly promoted cell viability, cell cycle progression and colony formation of CRC cells. While SFRS9 knockdown by shRNAs transfection inhibited these progressions. Furthermore, cell death and lipid peroxidation induced by ferroptosis inducers erastin and sorafenib were suppressed by SFRS9-OE. Bioinformatics analysis indicated that SFRS9 can bind to peroxidase 4 (GPX4) mRNA which is a central regulator of ferroptosis. Western blot showed that GPX4 protein expression was clearly elevated upon SFRS9-OE, while it was decreased in SFRS9-inhibited CRC cells. RNA immunoprecipitation experiment was carried out in HCT116 cells to confirm the binding of SFRS9 and GPX4 mRNA specifically. SiGPX4 transfection reversed the inhibitory effects of SFRS9-OE on the erastin and sorafenib-induced ferroptosis. Consistent with our in vitro observations, SFRS9 promoted the growth of tumors while SFRS9 knockdown significantly inhibited tumor growth in nude mice. In conclusion, SFRS9 represents an obstructive factor to ferroptosis by upregulating GPX4 protein expression, and knocking down SFRS9 might be an effective treatment for CRC.
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Introduction

Colorectal cancer (CRC) is one of the most deadly cancers and it causes almost 700,000 deaths every year (1). Environmental and genetic factors are considered to play a major role in the pathogenesis of CRC. Also, westernization of dietary habits, low physical exercise and obesity are thought to be associated with an increased incidence of CRC as the world becomes richer (1). In a nutshell, CRC is a serious disease that poses a significant threat to human health. New therapeutic strategies such as laparoscopic surgery for primary disease, more-aggressive resection of metastatic disease, radiotherapy for rectal cancer and neoadjuvant chemotherapies have been continuously developed, providing more treatment options for CRC patients (2). However, the effectiveness of these treatments is limited, resulting in unsatisfactory outcomes, cure rates and long-term survival. Thus, exploring new therapeutic targets to prevent the tumorigenesis of CRC is urgently needed.

Ferroptosis, a newly discovered type of programmed cell death, is distinct from necrosis, autophagy, and apoptosis (3). Ferroptosis is driven by the suppression of lipid repair enzyme glutathione peroxidase 4 (GPX4), and subsequent accumulation of iron-dependent lipid reactive oxygen species (ROS). Accumulated evidences suggest that ferroptosis occurs under physiological conditions and in various diseases such as brain and cardiovascular disease and cancers (4–6). With regard to cancer treatments, one of the most difficult challenges is to effectively kill cancer cells while protecting healthy cells. Cancer cells need more iron to enable growth than normal cells and their dependence on iron makes them more susceptible to ferroptosis (7). Ferroptosis crafts a new perspective on cancer treatments. Studies have reported ferroptosis as an anti-tumor factor in non-small cell lung carcinoma (8), liver cancer (9) and renal cancer (10). Furthermore, ferroptosis activated by small molecules or regulated by some genes could effectively suppress the progression of CRC (11, 12). However, the molecular mechanism of ferroptosis occurrence in CRC remains unclear.

SFRS9 (serine/arginine-rich splicing factor 9) is a protein encoded by a gene which is a member of the serine/arginine (SR)-rich family of pre-mRNA splicing factors. Each of these factors contains an RNA recognition motif (RRM) that binds RNA and an RS domain that binds protein. SR proteins are involved in splicing, mRNA transport, formation of the translational initiation complex and other processes of protein regulation (13). Emerging evidence indicates that SFRS9 is frequently overexpressed in various tumor types and behaves as a proto-oncogene (14–16). However, the role of SFRS9 in CRC has not yet been examined. Bioinformatics analysis revealedSFRS9 can bind to GPX4 mRNA which is a key factor in ferroptosis, and its expression in colorectal cancer is significantly positively correlated with GPX4. Therefore, we speculated that SFRS9 can interact with GPX4 mRNA and it is involved in the regulation of ferroptosis in CRC. The present study was performed to validate our speculation.



Materials and Methods


Ethics

The CRC samples used were from the Biobank, Shengjing Hospital of China Medical University. The study was approved by the Ethics Committee of the Shengjing Hospital of China Medical University.



Cell Culture

Human CRC cell lines SW480, SW620, HT29, Colo205, Caco-2 and HCT116 were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,Ltd (Shanghai, China). Caco-2, SW620 and Colo205 cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), HCT116 cells were cultured in DMEM medium supplemented with 10% FBS, HT29 were cultured in McCoy’s 5A medium supplemented with 10% FBS, SW480 were cultured in Leibovitzs L-15 medium supplemented with 10% FBS. All types of culture mediums were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. All CRC cells were maintained in an incubator under the condition of 5% CO2 at 37°C.



Cell Transfection

The SFRS9-shRNA1 (5’-GATCCGGAAGGATCACATGCGAGAATTCAAGAGATTCTCGCATGTGATCCTTCTTTTTA-3’), SFRS9-shRNA2 (5’-GATCCGGCTGATGTGCAGAAGGATGTTCAAGAGACATCCTTCTGCACATCAGCTTTTTA-3’), and small interfering RNA (siRNA) oligonucleotides with sequence targeting GPX4 (5’-CAGGGAGUAACGAAGAGAU-3’) were purchased from Genepharma Co., Ltd (Shanghai, China). To overexpress SFRS9, the SFRS9 coding sequence was inserted into the pcDNA3.1 vector (pcDNA3.1-SFRS9, SFRS9-OE vector). SFRS9-OE vector, GPX4 siRNA, the SFRS9 shRNAs (SFRS9-shRNA1 and SFRS9-shRNA2), or their negative control (NC) were transfected into cells using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA).



Cell Treatment

After transfection with SFRS9 shRNAs or NC shRNA for 24 h, transfected CRC cells were treated with ferrostatin-1 (0.5 μM) or ZVAD-FMK (10 μM) for 24 h as needed.

After transfection with SFRS9-OE vector or empty vector for 24 h, or co-transfection with SFRS9-OE vector and SFRS9 shRNA, CRC cells were treated with erastin (20 μM) and sorafenib (10 μM) for 24 h as needed.



CCK8 Assay

The CCK-8 assay was carried out to detect cell viability. To explore the effects of SFRS9 on cell viability, CRC cells were incubated in 96-well plates with a density of 4×103 cells/well and transfected with SFRS9 shRNAs or SFRS9-OE vector, then allowed to grow for 0, 12, 24, 48, 72 and 96 h. To explore the role of SFRS9 in ferroptosis of CRC cells, ferroptosis inhibitor (Ferrostatin-1, 0.5 μM) or inducers (Erastin, 20 μM; sorafenib, 10 μM) were added for 24 h after transfection. The apoptosis inhibitor ZVAD-FMK (10 μM) were added for 24 h after shRNAs transfection to evaluate whether SFRS9 was involved in the apoptosis of CRC cells. At different time points, 10 μl CCK-8 solution (Beyotime Biotechnology, Shanghai, China) was added to each well. After 1 h incubation, optical density values were measured at 450 nm with a microplate reader (BioTek, Winooski, Vermont, USA).



Lipid Peroxidation Assay

C11-BODIPY dye obtained from ThermoFisher Scientific (Grand Island, NY, USA) was used to detect lipid peroxidation in CRC cells according to the manufacturer’s instructions.



Quantitative Real-Time PCR Analysis

Total RNA was extracted by Tripure reagent (BioTeke, Beijing, China), followed by reverse transcription with Super M-MLV reverse transcriptase (BioTeke). SYBR-Green PCR Master Mix (BioTeke) was obtained for Real-time PCR. The specific primers were as follows: SFRS9, sense: 5’-CCCTGCGTAAACTGGATG-3’, anti-sense, 5’- ACCGAGACCGTGAGTAGCC-3’; β-actin sense: 5’- GGCACCCAGCACAATGAA-3’, anti-sense: 5’- TAGAAGCATTTGCGGTGG-3’. β-actin was used as an internal control.



Western Blot Assay

Protein expressions were studied using western blot assay. Firstly, CRC cells or tumor tissues were lysed using Western and IP cell lysate (Beyotime Biotechnology), and the lysates were cleared by centrifugation at 10,000g for 5 min. After resolving on 12% SDS-PAGE gel, the proteins were transferred electrophoretically to polyvinylidene fluoride (PVDF) membranes and subsequently incubated with the primary antibody overnight. The various antibodies used for western blot were SFRS9 (1:1000) and GPX4 (1:1000) antibody which was purchased from ABclonal Technology (Wuhan, China). The units were normalized based on β-actin (1:1000, Santa Cruz Biotechnology, Dallas, Texas, USA). Thereafter, membranes were incubated with peroxidase-conjugated secondary antibody (1:5000, Beyotime Biotechnology) for 45 min at 37°C. The signals were visualized using Enhanced chemiluminescence (Beyotime) and the images were analyzed by Gel-pro analyzer software (Media Cybernetics, CA, USA).



Colony Formation Assay

A total of 200 CRC cells were seeded in a 35-mm cell culture dish and cultured for 14 days after treatments. After 14 days, colonies were fixed with 4% paraformaldehyde for 20 min at room temperature and stained with Wright-Giemsa dye (KeyGen Biotech Co.,Ltd, NanJing, China) for 5 min. The samples were photographed, and visible colonies were counted.



EdU Proliferation Assay

EdU (5-ethynyl-2′-deoxyuridine) proliferation assay was performed with an EdU detection kit (KeyGen Biotech Co.,Ltd) to measure cell proliferation. At 48 h after transfection, CRC cells were plated in 6-well plates at a density of 2 ×  105 cells/well, then treated with 10 nM Edu for 12 h. Then cells were fixed and permeabilized with 0.5% TritonX-100 for 20 min. Hereafter, Click-iT was added and cells were incubated for 30 min in the dark. After washing with PBS for two times, cells were counterstaining with Hoechst 33342 dye for 15-30 min in the dark and observed using a fluorescence microscope (IX53, Olympus, Tokyo, Japan).



Cell Cycle Assay

CRC cells were cultured to a confluence of 90% and seeded in 6-well plates (2×105/well). At 24 h after transfection, cells were cultured in an incubator with 5% CO2 at 37°C for 48 h. Then cells were collected, centrifuged (310 g, 5 min) and fixed in 70% cold ethanol (4°C, 12 h). After fixation, cell cycle of CRC cells was evaluated using a commercial Cell Cycle Assay kit (KeyGen Biotech Co.,Ltd) and analyzed by flow cytometry (NovoCyte, ACEA Biosciences Inc., San Diego, California, USA).



Immunohistochemistry (IHC) Staining

IHC staining for SFRS9 and Ki67 was performed. Tumor tissue sections were obtained from paraffin blocks and rehydrated, and then incubated overnight with the primary antibodies including anti-SFRS9 (1:100, ABclonal Technology, Wuhan, China) and anti-Ki67 (1:100, ABclonal Technology). The sections were then washed with PBS, and incubated with the appropriate HRP-conjugated secondary antibody (1:500 dilution, ThermoFisher Scientific, Waltham, MA, USA) at 37°C for 1 h, and visualized with DAB. The haematoxylin (Solarbio) was used to counterstain the sections. Finally, the sealed slides were photographed under a microscope (BX53, Olympus).



Bioinformatics Analysis

The online bioinformatic program Starbase v3.0 (http://starbase.sysu.edu.cn/) predicted that SFRS9 can bind to GPX4 mRNA.



RNA Immunoprecipitation Assay

The cell lysate was prepared for immunoprecipitation. Cell lysate was incubated with magnetic particles conjugated with anti-SFRS9 antibody (Abcam, Cambridge, UK) at 4°C overnight. Then SFRS9-associated RNAs were immunoprecipitated, restored and purified. The mRNA was analyzed by PCR and the precipitated proteins were analyzed by western blot assay.



In Vivo Tumor Xenograft Experiments

Animal experiments were premeditated and executed in accordance with the ethical norms approved by Shengjing Hospital of China Medical University and the guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Caco-2 cells were stably transfected with SFRS9-OE or empty vector. HCT116 cells were stably transfected with SFRS9-shRNA1 or NC-shRNA. Then the transfected CRC cells (2 × 105cells/100µl) were injected into the right armpit of 6 week-old male athymic nude mice (Beijing Huafukang Bioscience Co., Inc). Tumor volumes were measured every four days. Twenty-five days after injection, mice were sacrificed, and the tumor weights were recorded.



Statistical Analyses

All data are showed as means ± standard deviations (SD). Experimental data were analyzed using Student’s t test, one-way or two-way analysis of variance (ANOVA) followed by Tukey’s test to compare the differences between different groups. Graphpad prism software (Graphpad 8.0, Inc, San Diego, CA, USA) was used for the statistical analyses. Statistical significance was considered as p < 0.05.




Results


Detection of SFRS9 Expression in Paracancerous and CRC Tissues

Results showed that the SFRS9 mRNA expression in CRC tissues (CT) were higher than that in paracancerous tissues (PT) (N=30, Figure 1A). Similarly, the SFRS9 protein expression in CT was also significantly higher than that in the PT (N=8, Figure 1B).




Figure 1 | Expression of SFRS9 mRNA and protein in colon cancer tissues and paracancerous tissues. (A) Expression of SFRS9 mRNA level in different tissues (CT, CRC tissues; PT paracancerous tissues, N=30). (B) Expression of SFRS9 protein level in different tissues; N, 8). Values are mean ± SD. *p < 0.05, **p < 0.01.





Selection of CRC Cells and the Efficiency of shRNAs Transfection

To select suitable cell lines for the in vitro experiments, the level of SFRS9 mRNA in Caco-2, HCT116, SW620, HT29, SW480 and Colo205 CRC cells was determined. HCT116 CRC cells showed best SFRS9 mRNA expression, while Caco-2 cells showed relatively lower SFRS9 mRNA expression compared with other CRC cells (Figure 2A). We used HCT116 and Caco-2 cells for subsequent experiments. To illustrate the function of SFRS9 in CRC tumorigenesis, we firstly confirmed that SFRS9-OE vector transfection could significantly enhanced SFRS9 expression both at mRNA and protein levels in Caco-2 CRC cells (Figures 2B, C). Different siRNAs targeting SFRS9 could efficiently knockdown SFRS9 both at mRNA and protein expression in HCT116 cells, and siSFRS9-1 and siSFRS9-2 had the higher knockdown efficiency (Figures 2D, E). Next, shRNA-1 and shRNA-2 specific for SFRS9 were designed and were used in the subsequent experiments. Knockdown efficiency of shSFRS9-1 and shSFRS9-2 are shown in Figures 2F, G.




Figure 2 | SFRS9 expression in colorectal (CRC) cells and inhibition of SFRS9 using RNAi. (A) qRT-PCR analysis of SFRS9 mRNA expression in the CRC lines. (B, C) mRNA and protein levels of SFRS9 in Caco-2 cells transfected with SFRS9 overexpression (SFRS9-OE) vector. (D, E) qRT-PCR and western blot analysis indicating the efficiency of siRNAs transfection in HCT116 cells. (F, G) shRNA specific for SFRS9 was designed. qRT-PCR and western blotting analysis indicated the efficiency of shRNAs transfection in HCT116 cells. Values are mean ± SD. ***p < 0.001.





Effects of SFRS9 on CRC Tumorigenesis In Vitro

To investigate the function of SFRS9 on CRC cell viability, we first overexpressed SFRS9 in Caco-2 cells and performed CCK8 assay. We found that SFRS9-OE significantly enhanced cell viability (Figure 3A). Then cell proliferation was assessed using an EdU assay, results showed that the percentage of Caco-2 cells in S phase significantly increased upon SFRS9-OE vector transfection (Figures 3B, C). The results of flow cytometry assay further revealed that the percentage of SFRS9-overexpressed Caco-2 cells in the G1 phase was lower than that of the Vector group, while SFRS9-OE obviously increased the percentage of cells in the S phase of the cell cycle (Figures 3D, E). In the colony formation assay, the number of colonies formed from SFRS9-overexpressed Caco-2 cells was significantly higher than that from vector-treated control (Figures 3F, G).




Figure 3 | SFRS9 promoted the growth of CRC cells. (A) The viability of Caco-2 cells was measured using the CCK-8 assay (***p < 0.001 vs. Vector group). (B, C) Representative images and data analysis of EdU staining of Caco-2 cells transfected with SFRS9-OE vector, Scale bars: 50 μm. (D, E) Cell cycle analysis in Caco-2 cells transfected with SFRS9-OE vector. (F, G) Colony formation of Caco-2 cells transfected with SFRS9-OE vector was assessed. Values are mean ± SD. **p < 0.01, ***p < 0.001.



Subsequently, shSFRS9-1 or shSFRS9-2 was transfected into HCT116 cells to further explore the role of SFRS9 in CRC tumorigenesis. CCK8 assay results showed shSFRS9s transfection significantly reduced cell viability (Figure 4A). Remarkably, SFRS9 knockdown decreased the percentage of Caco-2 cells in S phase (Figures 4B, C). Analysis of cell cycle showed that there was a statistically significant increase in the percentage of SFRS9-inhibited HCT116 cells in the G1 phase (Figures 4D, E). ShSFRS9-1 obviously reduced percentage of SFRS9-suppressed HCT116 cells in the S phase of the cell cycle, shSFRS9-2 also induced a decrease in the proportion of cells in the S phase although there was no statistical difference (Figures 4D, E). In the colony formation assay, the number of colonies formed from SFRS9-suppressed HCT116 cells was significantly lower than that from vector-treated control (Figures 4F, G).




Figure 4 | SFRS9 knockdown inhibited the growth of CRC cells. (A) The viability of HCT116 cells was measured using the CCK-8 assay (***p < 0.001 vs. NC shRNA group; #p < 0.05, ###p < 0.001 vs. NC shRNA group). (B, C) Representative images and data analysis of EdU staining of HCT116 cells transfected with SFRS9 sh-RNAs, Scale bars: 50 μm. (D, E) Cell cycle analysis in HCT116 cells transfected with SFRS9 sh-RNAs. (F, G) Colony formation of HCT116 cells transfected with SFRS9 sh-RNAs was assessed. Values are mean ± SD. *p < 0.05, ***p < 0.001.





Effects of SFRS9 on Ferroptosis of CRC Cells

Ferroptosis is a new form of cell death. To assess whether ferroptosis mediated the tumor promotion of SFRS9 in CRC cells, we treated HCT116 cells with shSFRS9-1 in the absence or presence of ferroptosis inhibitor ferrostatin-1 and apoptosis inhibitor ZVAD-FMK. Our data showed both these inhibitors reversed SFRS9 knockdown induced viability inhibition in CRC cells (Figure 5A). Interestingly, ferroptosis inhibitor induced a slight increase in the prevention of SFRS9 knockdown-induced viability inhibition than the other inhibitor (Figure 5A). In Figures 5B, C, SFRS9-OE remarkably elevated cell viability which was inhibited by ferroptosis inducers erastin or sorafenib. Because the lipid peroxidation is a hallmark of ferroptosis, we next explored whether SFRS9 prevented the lipid peroxidation induced by ferroptosis inducers erastin and sorafenib. Lipid oxidation was measured by C11-BODIPY staining assay, a dye that detects lipid ROS. Results showed elevated SFRS9 expression inhibited the increase in oxidized lipids induced by ferroptosis inducers (Figure 5D).




Figure 5 | Effects of SFRS9 on ferroptosis in CRC cells. (A) The viability of HCT116 cells treated with SFRS9 shRNA with or without the indicated inhibitors was measured using the CCK-8 assay. (B) The viability of Caco-2 cells treated with SFRS9-OE vector with or without ferroptosis inducer sorafenib was measured using the CCK-8 assay. (C) The viability of Caco-2 cells treated with SFRS9 OE vector with or without ferroptosis inducer erastin was measured using the CCK-8 assay. (D) C11-BODIPY staining of Caco-2 cells following transfection with SFRS9-OE vector with or without ferroptosis inducer erastin or sorafenib. Scale bars: 100 μm. Values are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.





SFRS9 Could Bind to GPX4 mRNA and Regulate Its Protein Expression

Bioinformatics analysis revealed that SFRS9 might bind to GPX4 mRNA. To test whether SFRS9 was able to regulate GPX4 protein expression, we measured GPX4 protein in the SFRS9-OE transfected Caco-2 cells or SFRS9 shRNAs transfected HCT116 cells. As shown in Figures 6A, B, GPX4 protein expression was clearly elevated upon SFRS9-OE in CRC cells, while it was clearly decreased in SFRS9-inhibited CRC cells. Subsequently, RNA immunoprecipitation experiments was carried out in HCT116 cells to confirm that SFRS9 was able to pull-down GPX4 mRNA specifically (Figure 6C).




Figure 6 | SFRS9 regulation of GPX4. (A) Protein levels of GPX4 in Caco-2 cells transfected with SFRS9 OE vector. (B) Protein levels of GPX4 in HCT116 cells transfected with SFRS9 shRNAs. (C) RNA immunoprecipitation assay was performed to evaluate the interaction between SFRS9 and GPX4. Values are mean ± SD. ***p < 0.001.





SFRS9 Affected the Viability and Ferroptosis of CRC Cells Through Regulating GPX4

To confirm that SFRS9 exerts its pro-CRC effects through regulating GPX4, Caco-2 CRC cells were co-transfected with SFRS9-OE vector and siGPX4. SiGPX4 administration significantly inhibited the levels of GPX4 protein in SFRS9-overexpressed cells (Figure 7A). Indeed, Caco-2 cell viability and proliferation increased by SFRS9-OE was inhibited by GPX4 knockdown (Figures 7B–D). In addition, siGPX4 transfection reversed the inhibitory effects of SFRS9-OE on the erastin/sorafenib-induced ferroptosis, reflecting a decrease in cell viability and an increase in oxidized lipid level (Figures 7E, F).




Figure 7 | SFRS9 affected the viability and ferroptosis of CRC cells through regulating GPX4. (A) The protein levels of GPX4 in Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4. (B) The viability of Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4 was measured using the CCK-8 assay. (C, D) Representative images and data analysis of EdU staining of Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4. Scale bars: 50 μm. (E) The viability of Caco-2 cells co-transfected with SFRS9-OE vector and siGPX4 in presence or absence ferroptosis inducer erastin or sorafenib. (F) C11-BODIPY staining of Caco-2 cells following transfection with SFRS9-OE vector and siGPX4 in presence or absence ferroptosis inducer erastin or sorafenib. Scale bars: 100 μm. Values are mean ± SD. *p < 0.05, ***p < 0.001.





Effects of SFRS9 on CRC Tumorigenesis In Vivo

SFRS9-OE stably transfected Caco-2 cells or sh-SFRS9 stably transfected HCT116 cells were subcutaneously injected into the right flank of nude mice to determine the functional role of SFRS9 in CRC tumorigenesis in vivo. Results showed that SFRS9-OE significantly promoted the growth of tumors (Figures 8A–C), while SFRS9 knockdown significantly induced tumor growth inhibition (Figures 8A, D, E). IHC staining for Ki67 was performed to detect the cell proliferation in tumor tissues, our results showed that overexpressed SFSF9 obviously increased CRC cells proliferation in tumor tissues (Figure 8F). Conversely, inhibited SFRS9 significantly suppressed the cell proliferation in tumor tissues from nude mice (Figure 8F). In addition, IHC and western blot assays were performed to determine the expression levels of SFRS9 and GPX4 in tumor tissues. As expected, SFRS9 protein expression was obviously upregulated in mice injected with SFRS9-overexpressed Caco-2 cells (Figures 8G, H), while it was significantly downregulated in the tumor tissues of mice with shSFRS9-transfected HCT116 cells injection (Figures 8G, J). In addition, we found higher GPX4 expression in SFRS9 overexpressed tumor tissues and lower GPX4 expression in SFRS9 inhibited tumor tissues compared with their respective controls (Figures 8I, K).




Figure 8 | Effect of SFRS9 on the growth of CRC in vivo. (A) Six primary tumors from mice injected with SFRS9-OE vector stably transfected Caco-2 cells or shSFRS9-1 stably transfected HCT116 cells. (B, C) Tumor growth curves and tumor weight of mice injected with Caco-2 cells containing stably transfected SFRS9-OE vector. (D, E) Tumor growth curves and tumor weight of mice injected with shSFRS9-1 stably transfected HCT116 cells. (F) Ki67 expression in the tumor tissues from mice with different treatmentS was detedcted by immumohistochemical staining. Scale bars: 50 μm. (G) SFRS9 expression in the tumor tissues from mice with different treatment was detected by immumohistochemical staining. Scale bars: 50 μm. (H, J) western blot analysis of SFRS9 protein expression in the tumor tissues from mice with different treatments. (I, K) western blot analysis of GPX4 protein expression in the tumor tissues from mice with different treatments. Values are mean ± SD. **p < 0.01, ***p < 0.001.






Discussion

Although the screening and chemoprevention strategies of CRC have reduced the incidence and mortality of CRC in the past decade (17), there is still a need for finding effective treatment targets for CRC. Triggering ferroptosis in cancer cells is a widely reported effective method for inhibiting tumorigenesis. In the present study, we showed that SFRS9 overexpression aggravated, whereas SFRS9 knockdown inhibited the development of CRC both in vitro and in vivo. SFRS9 limited erastin or sorafenib induced ferroptosis by promoting GPX4 protein expression. These findings reveal a molecular link between SFRS9 and GPX4 in the control of ferroptosis in CRC, and a possible treatment strategy for CRC by inhibiting SFRS9.

SFRS9 plays important roles in constitutive pre-mRNA splicing, mRNA nuclear export, nonsense-mediated mRNA decay and mRNA translation (13). There is ample evidence to indicate that affecting the alternative splicing of tumor suppressors explains some types of inherited and sporadic susceptibility to cancer (18). In addition, it has been reported that SFRS9 is an enhancer of Wnt/β-catenin signaling, and promotes Wnt signaling-mediated tumorigenesis by enhancing β-catenin biosynthesis at the mRNA translational step (14). Another study conducted by Yoshino et al. have shown that SFRS9 mRNA levels were significantly higher in the clinical BC specimens and bladder cancer cell lines than normal control, and SFRS9 knockdown significantly inhibited cell proliferation, migration, and invasion in bladder cancer cells (15). These studies indicate that SFRS9 exerts a pro-carcinogenic role through multiple mechanisms in various cancers. In our study, we found that overexpression of SFRS9 by transfection of SFRS9-OE vector promoted cell viability, proliferation, cycle progression and colony formation. By contrast, SFRS9 silencing significantly inhibited these malignant behaviors of CRC cells. Consistent with previous studies, SFRS9 functioned as a proto-oncogene in CRC cells.

Ferroptosis was first termed by Dixon et al. as a unique iron-dependent form of nonapoptotic cell death (19). Ferroptosis initiator erastin like glutamate, causes the inhibition of the cystine/glutamate antiporter system Xc−, thus triggering iron-dependent oxidative death (19). Drug resistance of cancer cells is one of the biggest obstacles in cancer treatment. Ferroptosis as a new form of cell death shows great potentials in cancer treatment particularly for malignancies those are resistant to traditional therapies. Bioinformatics analysis indicated that SFRS9 can bind to GPX4 mRNA. GPX4 is a well-known central regulator of ferroptosis. Thus, we next focused our attention on exploring the effects of SFRS9 on ferroptosis in CRC cells. Our data showed that both ferroptosis inhibitor ferrostatin-1 and apoptosis inhibitor ZVAD-FMK reversed SFRS9 knockdown induced death of CRC cells. Interestingly, ferroptosis inhibitor induced a slight increase in the prevention of SFRS9 knockdown-induced death than the other inhibitor. These data indicated that SFRS9 inhibition could induce CRC cell death through ferroptosis form partly, at least. It has been reported that SFRS9 knockdown by siRNA increased apoptosis of bladder cancer cells (15). Furthermore, in SFRS9 overexpressed cells, ferroptosis inducers erastin or soranefib increased cell viability and lipid peroxidation. Thus, SFRS9 exerted its function in CRC cells was through regulating ferroptotic cancer cell death.

GPX4, a peroxidase enzyme, protects cells against oxidative damage. Direct genetic evidence provided by Friedmann Angeli et al. show that the knockout of GPX4 causes cell death in a pathologically relevant form of ferroptosis (20). GPX4 has been described as an essential regulator of ferroptotic cancer cell death (21). In this study, direct binding between SFRS9 and GPX4 mRNA was experimentally confirmed by RNA immunoprecipitation assay. Reportedly, it is most likely that SR proteins regulate β-catenin at the mRNA translational step (14). Thus, it is possible that SFRS9 can promote GPX4 accumulation via binding GPX4 mRNA and enhancing its protein expression. Based on these, we knocked down GPX4 in SFRS9-overexpressed CRC cells and the consequent phenotypes including cell viability and cell proliferation were interrogated. In SFRS9 overexpressed cells, knockdown of GPX4 inhibited the promoting effects of SFRS9 on the cell viability and proliferation. Furthermore, siGPX4 transfection reversed the inhibitory effects of SFRS9-OE on the erastin/sorafenib-induced ferroptosis. These observations indicated that SFRS9 regulated ferroptosis of CRC cells via modulation of GPX4. In fact, previous papers have shown that GPX4 inhibition mediated by various small molecules or proteins induced ferroptosis (22, 23). Also, we investigated the role of SFRS9 in CRC tumorigenesis in vivo. Consistent with our in vitro observations, SFRS9 promoted the growth of tumors and SFRS9 knockdown significantly induced tumor growth inhibition in nude mice, and GPX4 expression in tumor tissues was consistent with that of SFRS9. Collectively, SFRS9 is a pro-oncogene and it inhibits ferroptosis by upregulating GPX4 expression in CRC. Knocking down SFRS9 might be an effective treatment for CRC.



Conclusion

In summary, SFRS9 represents an obstructive factor to ferroptosis by upregulating GPX4 protein expression, and targeting SFRS9 might be an effective treatment for CRC.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the Shengjing Hospital of China Medical University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Ethics Committee of the Shengjing Hospital of China Medical University.



Author Contributions

RW and ZY contributed to the conception or design of the work, drafted the work or revised it critically for important intellectual content. RW, QS, and HY were involved in the acquisition and analysis of data for the work. RX, DW, and CL interpreted the data for the work. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by 345 Talent Project of Shengjing Hospital of China Medical University.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.683589/full#supplementary-material



Abbreviations

SRSF9, serine and arginine rich splicing factor 9; CRC, colorectal cancer; OE, overexpression; GPX4, glutathione peroxidase 4; ROS, reactive oxygen species; RRM, RNA recognition motif; IHC, immunohistochemistry; FBS, fetal bovine serum.



References

1. Brody, H. Colorectal Cancer. Nature (2015) 521(7551):S1. S1. doi: 10.1038/521S1a

2. Kuipers, EJ, Grady, WM, Lieberman, D, Seufferlein, T, Sung, JJ, Boelens, PG, et al. Colorectal Cancer. Nat Rev Dis Primers (2015) 1:15065–51. doi: 10.1038/nrdp.2015.65

3. Yang, WS, and Stockwell, BR. Ferroptosis: Death by Lipid Peroxidation. Trends Cell Biol (2016) 26(3):165–76. doi: 10.1016/j.tcb.2015.10.014

4. Mou, Y, Wang, J, Wu, J, He, D, Zhang, C, Duan, C, et al. Ferroptosis, a New Form of Cell Death: Opportunities and Challenges in Cancer. J Hematol Oncol (2019) 12(1):34. doi: 10.1186/s13045-019-0720-y

5. Weiland, A, Wang, Y, Wu, W, Lan, X, Han, X, Li, Q, et al. Ferroptosis and Its Role in Diverse Brain Diseases. Mol Neurobiol (2019) 56: (7):4880–93. doi: 10.1007/s12035-018-1403-3

6. Fang, X, and Wang, H. Ferroptosis as a Target for Protection Against Cardiomyopathy. Proc Natl Acad Sci (2019) 116:(7):2672–80. doi: 10.1073/pnas.1821022116

7. Hassannia, B, Vandenabeele, P, and Vanden Berghe, T. Targeting Ferroptosis to Iron Out Cancer. Cancer Cell (2019) 35(6):830–49. doi: 10.1016/j.ccell.2019.04.002

8. Lai, Y, Zhang, Z, Li, J, Li, W, Huang, Z, Zhang, C, et al. STYK1/NOK Correlates With Ferroptosis in Non-Small Cell Lung Carcinoma. Biochem Biophys Res Commun (2019) 519(4):659–66. doi: 10.1016/j.bbrc.2019.09.032

9. Chen, Y, Zhu, G, Liu, Y, Wu, Q, Zhang, X, Bian, Z, et al. O-GlcNAcylated C-Jun Antagonizes Ferroptosis via Inhibiting GSH Synthesis in Liver Cancer. Cell Signal (2019) 63:109384. doi: 10.1016/j.cellsig.2019.109384

10. Kerins, MJ, Milligan, J, Wohlschlegel, JA, and Ooi, A. Fumarate Hydratase Inactivation in Hereditary Leiomyomatosis and Renal Cell Cancer Is Synthetic Lethal With Ferroptosis Induction. Cancer Sci (2018) 109(9):2757–66. doi: 10.1111/cas.13701

11. Lu, D, Yang, Z, Xia, Q, Gao, S, Sun, S, Luo, X, et al. ACADSB Regulates Ferroptosis and Affects the Migration, Invasion, and Proliferation of Colorectal Cancer Cells. Cell Biol Int (2020) 44:(11):2334–43. doi: 10.1002/cbin.11443

12. Zhang, L, Liu, W, Liu, F, Wang, Q, Song, M, Yu, Q, et al. IMCA Induces Ferroptosis Mediated by SLC7A11 Through the AMPK/mTOR Pathway in Colorectal Cancer. Oxid Med Cell Longev (2020) 2020:1675613. doi: 10.1155/2020/6901472

13. Long, JC, and Caceres, JF. The SR Protein Family of Splicing Factors: Master Regulators of Gene Expression. Biochem J (2009) 417(1):15–27. doi: 10.1042/BJ20081501

14. Fu, Y, Huang, B, Shi, Z, Han, J, Wang, Y, Huangfu, J, et al. SRSF1 and SRSF9 RNA Binding Proteins Promote Wnt Signalling-Mediated Tumorigenesis by Enhancing β-Catenin Biosynthesis. EMBO Mol Med (2013) 5(5):737–50. doi: 10.1002/emmm.201202218

15. Yoshino, H, Enokida, H, Chiyomaru, T, Tatarano, S, Hidaka, H, Yamasaki, T, et al. Tumor Suppressive microRNA-1 Mediated Novel Apoptosis Pathways Through Direct Inhibition of Splicing Factor Serine/Arginine-Rich 9 (SRSF9/SRp30c) in Bladder Cancer. Biochem Biophys Res Commun (2012) 417(1):588–93. doi: 10.1016/j.bbrc.2011.12.011

16. Zhang, Q, Lv, R, Guo, W, and Li, X. microRNA-802 Inhibits Cell Proliferation and Induces Apoptosis in Human Cervical Cancer by Targeting Serine/Arginine-Rich Splicing Factor 9. J Cell Biochem (2019) 120(6):10370–9. doi: 10.1002/jcb.28321

17. Katona, BW, and Weiss, JM. Chemoprevention of Colorectal Cancer. Gastroenterology (2020) 158(2):368–88. doi: 10.1053/j.gastro.2019.06.047

18. Karni, R, de Stanchina, E, Lowe, SW, Sinha, R, Mu, D, and Krainer, AR. The Gene Encoding the Splicing Factor SF2/ASF Is a Proto-Oncogene. Nat Struct Mol Biol (2007) 14(3):185–93. doi: 10.1038/nsmb1209

19. Dixon, SJ, Lemberg, KM, Lamprecht, MR, Skouta, R, Zaitsev, EM, Gleason, CE, et al. Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death. Cell (2012) 149(5):1060–72. doi: 10.1016/j.cell.2012.03.042

20. Friedmann Angeli, JP, Schneider, M, Proneth, B, Tyurina, YY, Tyurin, VA, Hammond, VJ, et al. Inactivation of the Ferroptosis Regulator Gpx4 Triggers Acute Renal Failure in Mice. Nat Cell Biol (2014) 16(12):1180–91. doi: 10.1038/ncb3064

21. Yang, WS, SriRamaratnam, R, Welsch, ME, Shimada, K, Skouta, R, Viswanathan, VS, et al. Regulation of Ferroptotic Cancer Cell Death by GPX4. Cell (2014) 156(1-2):317–31. doi: 10.1016/j.cell.2013.12.010

22. Shin, D, Kim, EH, Lee, J, and Roh, JL. Nrf2 Inhibition Reverses Resistance to GPX4 Inhibitor-Induced Ferroptosis in Head and Neck Cancer. Free Radic Biol Med (2018) 129:454–62. doi: 10.1016/j.freeradbiomed.2018.10.426

23. Wu, J, Minikes, AM, Gao, M, Bian, H, Li, Y, Stockwell, BR, et al. Intercellular Interaction Dictates Cancer Cell Ferroptosis via NF2-YAP Signalling. Nature (2019) 572(7769):402–6. doi: 10.1038/s41586-019-1426-6




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2021 Wang, Xing, Su, Yin, Wu, Lv and Yan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-683589-g006.jpg
_———— e

—— e

- pactn

8

- p-actin

A

Hetrie

—_—
i

worssoxdeo usiond XD

q
Mr

fonuoo






OEBPS/Images/fonc-11-683589-g001.jpg
=

'SFRS9 MRNA expression

H

288 %

g

o
Py

PT CT PT CT PT CT PT CT

T

cr





OEBPS/Images/fonc-11-683589-g004.jpg
Oh1Znainsgnanen

_ %07 Hetite

Control

Conrol

+ Control
~ shSFRS91
anSFRs92

H
’ 3
T
3 % % 3
2 23 HeTrrg ™ Contol
= = N shna
- W ShSFRS9-1
ShsrRss2
Fe =
T 1 ®
| 5«
| 2 hl
[k J| = 1= [ |E"
L | L1 A | &,
BRI
Ne-shRNA shSFRS94 ansFRSe.2
o
o 100 HCTH6 =
5 o +
HES
g w
NC-shRNA shSFRS9-1 snseRss-2

Contra
NC shRNA-

prs— =,

ahSFRS92-





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Knockdown of SFRS9 Inhibits Progression of Colorectal Cancer Through Triggering Ferroptosis Mediated by GPX4 Reduction

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics

          



          		

            Cell Culture

          



          		

            Cell Transfection

          



          		

            Cell Treatment

          



          		

            CCK8 Assay

          



          		

            Lipid Peroxidation Assay

          



          		

            Quantitative Real-Time PCR Analysis

          



          		

            Western Blot Assay

          



          		

            Colony Formation Assay

          



          		

            EdU Proliferation Assay

          



          		

            Cell Cycle Assay

          



          		

            Immunohistochemistry (IHC) Staining

          



          		

            Bioinformatics Analysis

          



          		

            RNA Immunoprecipitation Assay

          



          		

            In Vivo Tumor Xenograft Experiments

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            Detection of SFRS9 Expression in Paracancerous and CRC Tissues

          



          		

            Selection of CRC Cells and the Efficiency of shRNAs Transfection

          



          		

            Effects of SFRS9 on CRC Tumorigenesis In Vitro

          



          		

            Effects of SFRS9 on Ferroptosis of CRC Cells

          



          		

            SFRS9 Could Bind to GPX4 mRNA and Regulate Its Protein Expression

          



          		

            SFRS9 Affected the Viability and Ferroptosis of CRC Cells Through Regulating GPX4

          



          		

            Effects of SFRS9 on CRC Tumorigenesis In Vivo

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-683589-g008.jpg
- sRs9.08

Cxoz

§ oo
14 E
5w
Pl [,
] et
fuo
£ i

" - ' i x
i R S, = swe —_—— orxe
S pacin | amm——ctn - actin - pactn
i f PP § 16 cne
= H = H =
1o g
H H
i o fos
4 o0- & oo-

sFRss.0
SFRS-0E
snsFRS -
NG shRNA
inSFRSS -





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-683589-g005.jpg
NCShRNA + Vector_Sorafonib Sorafenib. Voctor _Erastin Erastin
ShSFRS91 Woctor  +SFRS9-0F Woctor+SFRSS.0E
Ferrostatin-1
ZVAD-FMK

vector ErastinsVector






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2021.683589_cover.jpg
’ frontiers
in Oncology

Knockdown of SFRS9 Inhibits
Progression of Colorectal Cancer
Through Triggering Ferroptosis
Mediated by GPX4 Reduction





OEBPS/Images/fonc-11-683589-g003.jpg
-~ 57RS9.08

caco2

=

:

Control
Vector
SFRS9-OE-

2 Caco2 mm SFRS9-OF
2% m @ vector
= Control

. %) (k) 6206
Conror

SFRS9-OE

£ 0, Caco2

Colony formation rate

Control Vector SFRS9-OF

Control
Vctor
SFRS9-0E





OEBPS/Images/fonc-11-683589-g002.jpg
e e s

- .

o

-
_F

-
H
g i
8

uojssodxs uietoid 6SHIS

3065845
Ar
Jowon
] tonoo
8

uofssaIdo YN 6SUSS

5070100
0080
e
sz
ozoms
oswms

uolssaid¥o YN ESUIS

fEE cesuass

i z-osuasts

Zesusus

ssuasus

vawon 3 - S o
ooy 5 oo
s i
£ §i
% a 4
T -
|| zosuwse | vosussus
| vosusss _ M.
] e N...
I onos
.
_N_‘ 1eSuaSIS
ol ooy 2
g e |6





OEBPS/Images/fonc-11-683589-g007.jpg
[

consprae )






