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Coix Seed Oil (CSO) possesses a wide range of pharmacological activities. Kanglaite Injection, a commercial product of CSO, has been used clinically as an anticancer drug in China for decades. However, its molecular mechanisms on triple-negative breast cancer (TNBC) remains to be elucidated. In this study, the effect of CSO was evaluated on murine TNBC 4T1 cells and the orthotopic tumor-bearing mouse model and underlying mechanisms were explored. CSO suppressed cell proliferation, colony formation in vitro, and tumor growth in vivo. miR-205-5p was substantially altered in CSO treated tumor tissues compared to the control group by miRNA-sequencing analysis. Sphingomyelin metabolism (SM) decreased in serum in model group compared to the control group, while it increased by CSO administration by lipid metabolomics analysis. The expression of sphingosine 1 phosphate receptor 1 (S1PR1), the critical effector of SM, was downregulated upon CSO treatment. Mechanically, miRNA-205 directly targeted S1PR1 to regulate SM and cell proliferation. CSO reduced the expression of S1PR1, cyclinD1, and phosphorylation levels of STAT3, MAPK, and AKT while upregulated p27. These results revealed that CSO exerted an anti-TNBC effect via the miR-205/S1PR1 axis to regulate sphingomyelin metabolism, and the downstream STAT3/MAPK/AKT signal pathways were partly involved.
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Introduction

Breast cancer still incurs high morbidity and mortality globally and poses a severe health threat to women in recent years (Bray et al., 2018; Miller et al., 2019). Since triple-negative breast cancer (TNBC) lacks estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor (HER2), therapeutic options for TNBC are limited and leaving poor prognosis. TNBC is the most aggressive type with high clinical metastatic rates to bone, liver, brain, lung, and other organs in the late-stage of patients.

Currently, cytotoxic chemotherapy plays an essential role in treating TNBC patients with severe side effects, drug resistance, and poor patient compliance. Traditional Chinese Medicine (TCM) presents advantages including reducing toxicity and side effects, increasing the sensitivity of drugs, and improving immune responses in numerous cancers treatments.

Coix Seed Oil (CSO) is extracted from Coix seed (also named as Job’s Tears seed or adlay), a kind of typical food and drug in China. Kanglaite Injection® (KLT) (Lu et al., 2008), a micro-emulsified injectable product derived from CSO, has been widely used to treat various tumors such as NSCLC (Duan, 2018; Wu et al., 2018), hepatocellular carcinoma (Yang et al., 2018), breast cancer (Guo et al., 2008), pancreatic (Liu et al., 2014; Schwartzberg et al., 2017) and gastric cancer (Zhang et al., 2017). KLT presented antineoplastic effect, reduced the side effects, and improved the quality of life such as cancer pain relief, cancer cachexia syndrome in patients (Liu et al., 2019; Zhang et al., 2019). Current pharmacological reports revealed KLT could induce apoptosis, block the cell cycle, inhibit angiogenesis, reverse multidrug resistance, and enhance the body’s immune function via NF-κB and PI3K/Akt/mTOR signaling pathway (Liu et al., 2014) and regulation of oncomir hsa-miR-21 in serum (Wu et al., 2018). However, its exact antitumor mechanism, especially in TNBC, is still unclear.

In this study, we investigated the tumor-suppressive effect of CSO without excipient on TNBC and its potential mechanisms of action.



Materials and Methods


Cell Culture and Reagents

The murine mammary carcinoma cell line 4T1-luc2 expressed luciferase was obtained from PerkinElmer. The human TNBC cell line MDA-MB-231 was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were maintained in DMEM medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) at 37°C in a humidified environment (5% CO2 and 95% Air).

CSO (Batch Number:190109) was obtained from Zhejiang Kanglaite Pharmaceutical Co., Ltd. (Zhejiang, China). The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO) were from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against S1PR1 (55133-1-AP) and GAPDH (10494-1-AP) were purchased from Proteintech (Chicago, IL, USA). Antibodies against STAT3 (#12640), p-STAT3 (#9145), AKT (#9272), p-AKT (#13038), ERK1/2 (#9102), p-ERK1/2 (#9101), JNK (#9252), p-JNK (#9251), P38 (#9212), and p-P38 (#9211) were obtained from Cell Signaling Technology (Boston, MA, USA). Antibodies against Cyclin D1 (ab134175) and p27 (ab32034) were obtained from Abcam (Cambridge, MA, USA). Trizol Reagent, RNAIMAX reagent was purchased from Invitrogen (Carlsbad, CA, USA). MicroRNA primers, transcription kit, and universal PCR master mix, luciferase reporter plasmids, siRNA-S1PR1, siRNA-NC(negative control) miR-205-5p mimics, miRNA NC (negative control) were purchased from GenePharma (Shanghai, China). Dual-luciferase reporter assay kit was purchased from Promega (Madison, WI, USA)



Quality Control of CSO by LC-MS

High-resolution liquid-chromatography-mass spectrometry (LC-MS) was performed on Fisher Orbi-Trap Elite (Thermo, Waltham, MA, USA) to detect and analyze the main compounds in CSO.



MTT Assay

Exponentially grown 4T1 cells were seeded at 2 × 103 cells per well into 96-well plates in a volume of 100 μl and incubated under 37°C and 5% CO2 condition overnight. Different concentrations of CSO (125, 250, 500, and 1,000 μg/ml, respectively) and 0.5% ethanol (as vehicle control) added and the incubation continued for another 72 h. A stock solution of MTT (5 mg/ml) was added at 20 μl per well. After 4 h, the supernatant discarded and the precipitate was solubilized in DMSO (100 μl/well). The absorbance at 490 nM measured by SpectraMax190 (Molecular Devices, CA, USA).



Colony Formation Assay

4T1 cells were seeded into 6-well plates at the density of 300 cells per well and allow to attach overnight and then cultured with different concentrations of CSO. After 24 h, the medium of different groups was replaced with complete medium. The medium of each well was discarded and washed after 7 days. Cells were fixed, washed, and stained with crystal violet (0.5%). The colonies with over 50 cells were imaged and accounted.



Orthotopic Tumor Bearing Mouse Model

Female BALB/c mice aged 5 weeks were purchased from the Shanghai Slack Laboratory Animals Co., Ltd and housed at the Shanghai University of Traditional Chinese Medicine animal facility. Murine 4T1 cells(1 × 106) were injected into the upper mammary fat pad of mice. After the implantation of cells 7 days, these tumor-bearing mice were randomly divided into the model group and CSO treatment group. Mice of the model group only received vehicle control (4% egg yolks) with daily gavage. The CSO treatment group was administered 3 ml CSO/kg/d in egg yolks suspension with daily gavage. The volume of tumors was measured daily using a Vernier caliper and calculated using the formula V = (ab2)/2(the longest diameter a, the shortest diameter b). These mice were weighed and measured the volume of tumors daily. After 14 days of continuous vehicle control or CSO administration, these mice were sacrificed to gain the blood and tumor of each mouse. Another control group (six mice) administered vehicle control was set for the blood samples.

Female BALB/c nude mice aged 5–6 weeks (weight: 18–22 g) were purchased from the Shanghai Slack Laboratory Animals Co., Ltd and housed at the Shanghai University of Traditional Chinese Medicine animal facility. Human TNBC MDA-MB-231 cells were resuspended at a density of 1x108 cells/ml. Five million cells (50 μl) of mixed Matrigel (50 μl) were injected into the second mammary fat pad of mice. When the tumors volume of these mice reached around 200 mm3, the mice were randomly divided into the model group and CSO treatment group. The treatment group was given CSO suspended in egg yolk intragastrically at a dose of 6 ml CSO/kg/d, and the model group was given vehicle control (4% egg yolk). The tumor volume and the bodyweight of these mice were recorded daily. These mice were sacrificed after 21 days of continuous administration.



Bioluminescent Imaging

D-Luciferin (PerkinElmer, 150 μl in PBS solution) was injected intraperitoneally into mice and imaged under IVIS Imaging System (Xenogen, USA), and Living Image Software (Xenogen) was used to quantify the photons/second(p/s) emitted.



miRNA Sequence Analysis

miRNA sequence analysis was performed to assess miRNA expression profiles in the paired tumor tissues from the model group and CSO administration group. The fold changes (FCs) in the expression of individual miRNA were calculated. Differentially expressed miRNAs with log2|FC| > 2.0 and P < 0.05 were considered to be significant.



Lipid Metabolomics Analysis

Blood samples collected from the mice were stored at 4°C for 1 h, centrifuged at 4,000 rpm (4°C, 15 min) by the centrifuge (Eppendorf, Hamburg, Germany), and the supernatant transferred into 1.5-ml centrifuge tubes. Serum sample (50 μl) was diluted with ultrapure Millipore water (1:1 ratio), mixed with chloroform/methanol (2:1 ratio; 200 μl), vortexed, and centrifuged at 12,000 rpm for 10 min at 4°C. The lower organic phase was taken and repeat the operation once. Combine the two organic phases and dry them using vacuum centrifugation. Methanol/isopropanol (1:1 ratio; 200 μl) mixture was added to re-dissolve them, and centrifuge at 1,200 rpm (4°C,10 min). The centrifuged sample (150 μl) was taken to place in the inner tube of the liquid via l for the lipidomic test.

Chromatographic conditions: the instrument was HPLC-LTQ-Orbitrap Elite (Thermo, Waltham, MA, USA); column was Thermo Hypersil Gold C18; mobile phase: Phase A (60% water and 40% acetonitrile with 0.1% formic acid, 10 mmol ammonium formate) and Phase B (10% acetonitrile and 90% isopropanol, containing 0.1% formic acid, 10 mmol ammonium formate); elution procedure: 0~1.0 min, 70% A; 1.0~2.0 min, 70%~55% A; 2.0~12.0 min, 55%~35% A; 12.0~18.0 min, 35%~15% A; 18.0~20.0 min, 15%~0% A; 20.0~25.0 min, 100% B; 25.1~30.0 min, 100% B; volume flow was 0.3 ml/min, injection volume was 4 μl; and the column temperature was 40°C.

Mass spectrometry conditions: ion source spray voltages were 3.5 and 3.2 kV in the ESI+ and ESI- modes, respectively. The temperature of capillary was set at 350°C with the sheath gas flow rate at 35 arb, aux gas flow at 15 arb, and sweep gas flow rate at 1 arb. The heater temperature was at 300°C. The S-Lens RF level was set at 60. The MS was operated at a resolving power of 6,000 in Full-scan mode (scan range: 100–1,000 m/z) and of 15,000 in the top 10 data-dependent MS mode (collision energy: 35) with dynamic exclusion setting of 10 s.



Immunohistochemistry (IHC)

IHC assay was performed to assess the levels of Ki67 and S1PR1 proteins in tumor samples. The experimental procedure was minor modified as previously reported (You et al., 2018).



Western Blotting Analysis

Cells or tumor tissues were lysed by RIPA buffer containing phosphatase inhibitors and protease inhibitors. The concentration of protein of each group was measured by BCA assay. Proteins were separated by SDS-PAGE and transferred to the PVDF membrane. Membranes were incubated with special primary or secondary antibodies. After washing with TBST, the ECL kit was used for band detection.



Transfection

Transfection of miR-205-5p mimic and miRNA-NC into 4T1 cells was performed by RNAIMAX reagent according to the manufacturer’s instructions.



qRT-PCR Analysis

The total RNA of tumor tissues and cells extracted using the Trizol reagent according to the manufacturer’s instructions. miR-205-5p, miR-200a-3p, miR-429-3p, miR-200c-3p, miR-200b-3p, and miR-141-3p were selected to validate the results of miRNA sequencing analysis.



Dual-Luciferase Reporter Assay

4T1 cells were co-transfected with miR-205 mimic and a luciferase reporter plasmid containing wild-type S1PR1 3’-UTR or the mutant S1PR1 3’-UTR, respectively. Following 48 h of transfection, luciferase activity was determined by the dual-luciferase reporter assay system (Promega, Madison, WI, USA). Luciferase activity of renilla was normalized to that of firefly luciferase.



Statistical Analysis

All data were presented as mean ± SD (standard deviation, SD) from three independent experiments. One-way analysis of variance was used among multiple groups of data by SPSS 20.0 statistical software. P < 0.05 was considered statistically significant.




Results


Main Compounds Identified in CSO by LC-MS

LC-MS was performed to determine the main ingredients in CSO. The results showed six components including 1, 2-Dilinoleoyl-3-palmitoyl-rac-glycerol, 1, 2- Dilinoleoyl-3-oleoyl-rac-glycerol, 1-palmitoyl-2-oleoyl-3-linoleoyl-rac-glycerol, 1, 2-Dioleoyl-3-linoleoyl-rac-glycerol, 1, 2-Dioleoyl-3-palmitoyl-rac-glycerol and Glycerol trioleate existed in CSO. Identified compounds were listed in Table 1, and the results of MTT assay were presented in the supplementary materials.


Table 1 | Measurement results of Coix Seed oil by LC-MS.





CSO Inhibited Cell Viability, Colony Formation, and Tumor Growth of 4T1

In order to evaluate the effect of CSO on tumor growth, a triple-negative 4T1 cell-based murine orthotopic transplantation model was used. Compared to the model group, CSO significantly inhibited tumor growth in vivo. There was no significant difference in the bodyweight of mice between model and treatment groups, indicating that CSO did no observable toxicity (Figures 1A–D). In addition, IHC analysis showed that CSO significantly reduced the number of Ki67-positive cells in tumor tissues (Figure 1E). Before the termination of this experiment, we used the IVIS Imaging System to detect the bioluminescence signal of the tumor in these two groups of mice. The luminescence signal of the tumors in the CSO administration group was weaker than that of the model group (Figures 1F, G). A nude mouse model based on the triple-negative MDA-MB-231 cell was also used and detailed data has been supplemented in Figure S3. These results suggested that CSO can effectively inhibit mammary carcinoma-based tumor growth in vivo.




Figure 1 | Effect of CSO on tumor growth in vivo, and in vitro cell viability and colony formation. (A) Tumor image. Tumor-bearing BALB/c mice were treated with or without CSO for 14 days. These tumors were excised and imaged. (B) Tumor volume. (C) Tumor weight. (D) Body weight. (E) IHC analysis of Ki67. (F) Bioluminescence images. (G) Total Flux (p/s) of bioluminescence intensity. (H) Concentration-dependent effects of CSO on cell viability. (I) Concentration-dependent effects of CSO on colony formation. *p < 0.05, **p < 0.01 vs. model.



To further investigate the anticancer potential of CSO in vitro, we tested CSO on the viability of 4T1 cells and colony formation. The results showed CSO decreased 4T1 cell viability and inhibited 4T1 cell colony formation in a concentration-dependent manner compared to the untreated cells (Figures 1H, I).

These results suggested CSO effectively inhibited 4T1 proliferation, colony formation in vitro, and tumor growth in vivo.



CSO Strongly Elevated miR-205-5p in Tumor Tissues

miRNA sequencing analysis was carried out to assess the alteration of miRNAs in tumor tissues after CSO administration. The result revealed the top 10 up-regulated miRNA included miR-205-5p, miR-200a-3p, miR-429-3p, miR-200c-3p, miR-200b-3p, miR-203-3p, miR-133b-3p, miR-141-3p, miR-206-3p, and miR-133a-3p and the only down-regulated miR-669f-3p (Table 2). Further qRT-PCR analysis of tumor tissue samples confirmed the sequencing results. Among the identified microRNAs, miR-205-5p was most upregulated under CSO treatment among these key miRNAs (Figures 2A, B). These results indicated that CSO could strongly increase the level of miR-205-5p in tumor tissues.


Table 2 | Micro RNA sequencing results.






Figure 2 | Effect of CSO on the level of miR-205-5p in the tumor tissues of the 4T1 mammary carcinoma allograft mice. (A) qRT-PCR analysis was used to detect the expression of miRNAs. Compared with the model group, the levels of miR-200a-3p, miR-200b-3p, miR-200c-3p, miR-205-5p, miR-141-3p, and miR-429-3p increased in the CSO treated group (3 ml/kg, 14 days). (B) The expression of miR-205-5p was detected from mixed tumor tissues in two groups by qRT-PCR. Compared with the model group, the level of miR-205-5p from the mixture of tumor tissues increased in the individuals CSO treated (3 ml/kg, 14 days). *P < 0.05, **P < 0.01, ***P < 0.001 vs. model.





CSO Increased Sphingomyelin Metabolism (SM) in the Serum

Due to the oily nature of CSO, we speculated that the tumor-suppressive effect of CSO might be related to lipid metabolism. To test this hypothesis, we performed lipid metabolomics assay and found that compared with normal mouse serum, the level of sphingomyelin in the serum of the 4T1 mammary carcinoma allograft mice decreased significantly, and this phenomenon had a significant callback trend after CSO administration (Figure 3). This result demonstrated that the tumor-suppressive effect of CSO was related to the increase of SM.




Figure 3 | Effect of CSO on the levels of serum sphingomyelin in the 4T1 mammary carcinoma allograft mice. Compared with the control group, the content of sphingomyelin in the serum of the 4T1 allograft mice changed. The sphingomyelin increased in the CSO treatment group(3 ml/kg for 14 days). ##p < 0.01 vs. control and *p < 0.05, **p < 0.01 vs. model.





miR-205-5p Regulated SM Partly via Targeting S1PR1 to Suppress Cell Proliferation

Since miR-205-5p might act as a tumor suppressor miRNA in the development of BC, we transfected miR-205 mimic or miRNA NC into 4T1 cells to compare cell proliferation between these groups.

MTT assay result showed that over-expressed miR-205 decreased the ability of cell growth. The expressions of CyclinD1 and p27, the critical mediators in the cell cycle, were regulated by miR-205 after 72-h transfection. These results showed miR-205 could block the cell cycle and proliferation (Figures 4A, B).




Figure 4 | miR-205-5p regulated SM partly via targeting S1PR1 to suppress cell proliferation. (A) MTT assay of cell viability after transfection of miR-205-5p mimic. (B) Protein expressions of cyclinD1 and p27. (C) Sphingomyelin levels. (D) Expression of S1PR1 protein. (E) The potential binding sites of miR-205 in the WT and MUT 3’-UTR of S1PR1 and luciferase reporter assay. (F) The gene expression of S1PR1 in siRNA-S1PR1 treated cells. (G) MTT assay of cell viability after treated siRNA-S1PR1. (H) STAT3 signal pathway. *p < 0.05, **p < 0.01, ***p < 0.001 vs. negative control.



In order to investigate the correlation between miR-205-5p and SM, we performed the lipidomic analysis on miR-205-5p overexpressed 4T1 cells. Overexpressed miR-205-5p in 4T1 partially increased SM compared to the NC group. Here, we only listed a part of the SM with a higher-fold increase, and these results indicated that miR-205-5p could increase SM accumulation (Figure 4C).

We performed bioinformatics analysis to predict targets of miR-205 and found a potential target S1PR1 related to SM in Target RNA Mouse 7.1 (Lewis et al., 2005). Therefore, we examined the protein levels of S1PR1 after miR-205-5p overexpression by western blotting. The up-regulation of miR-205-5p led to the decreased protein expression of S1PR1 compared to the NC group (Figure 4D). This result suggested that miR-205-5p could negatively regulate the expression of S1PR1.

In order to validate whether S1PR1 was a target of miR-205, a luciferase reporter assay was carried out. Luciferase activity was reduced in 4T1 cells co-transfected with the wild-type 3’UTR of S1PR1 and miR-205 mimic. However, luciferase activity remained unchanged in the 4T1 cells co-transfected with mutant S1PR1 3’UTR and miR-205 mimic. These data indicated that S1PR1 might be a novel target of miR-205 (Figure 4E).

Furthermore, to evaluate the roles of S1PR1 on cell proliferation, we performed MTT assay. After transfection for 72 h, the gene expression of S1PR1 was decreased in siRNA-S1PR1 treated cells compared to the siRNA-NC group (Figure 4F). And knockdown of S1PR1 significantly inhibited 4T1 cell proliferation (Figure 4G).

S1PR1 exerts its functions via downstream signal pathways including STAT3. In addition, STAT3 phosphorylation in 4T1 cells was significantly reduced after miR-205-5p overexpression (Figure 4H). This result showed the STAT3 signaling pathway was involved in miR-205-S1PR1-led effects on cell proliferation.



CSO Reduced S1PR1, CyclinD1 Expressions, and Increased p27 Expression

In order to determine whether CSO can regulate S1PR1, CyclinD1, and p27 expression due to the elevated miR-205, Western blot, qPCR, and IHC were performed to detect the changes of S1PR1 upon CSO treatment. CSO significantly down-regulated S1PR1 and Cyclin D1 expression and upregulated the expression level of p27 in tumor tissues and cells (Figures 5A, B, D). Besides, IHC results showed that CSO significantly reduced the expression level of S1PR1 in tumor tissue sections (Figure 5C). These results suggested that CSO regulated cell cycle and inhibited tumor growth through the miR-205/S1PR1 axis.




Figure 5 | Effects of CSO on S1PR1, Cyclin D1, and p27 expressions in tumor tissues and in cultured cells. (A) The gene expression of the S1PR1 in tumor tissues. (B) The protein expressions of S1PR1, Cyclin D1, and p27 in tumor tissues. (C) IHC analysis of S1PR1 of tumor sections. (D) The protein expressions of S1PR1, Cyclin D1, and p27 in 4T1 cells. *p < 0.05, **p < 0.01 ***p < 0.001 vs. untreated.





Proliferation-Related Pathways Were Involved in CSO-Mediated Effects

Accumulating studies have confirmed that STAT3 is a transcription regulator of S1PR1 gene expression. Therefore, we tested whether CSO can inhibit the phosphorylation of STAT3 in TNBC by western blotting. Treatment of CSO significantly down-regulated phosphorylation of STAT3 in vivo and in vitro (Figures 6A, B). These data showed that the inactivation of the STAT3 pathway contributed to the downregulation of S1PR1 of the CSO-led effect. We also evaluated its effect on the activation of other proliferation-related pathways such as MAPK and AKT. The treatment with CSO significantly inhibited the phosphorylation of ERK, JNK, p38, and AKT without no effect on the total of ERK, JNK, p38, and AKT in vivo and in vitro (Figures 6C, D). Our results suggest that three important proliferation-related pathways including STAT3, MAPK, and AKT were involved in CSO-led effects.




Figure 6 | Effects of CSO on proliferation-related pathways in tumor tissues and cells. (A) The level of STAT3 phosphorylation in tumor tissues. (B) The level of STAT3 phosphorylation in 4T1 cells. (C) Phosphorylation levels of ERK, JNK, p38, AKT in tumor tissue. (D) Phosphorylation levels of ERK, JNK, p38, and AKT in 4T1 cells. *p < 0.05, **p < 0.01 ***p < 0.001 vs. untreated.






Discussion

CSO processes antitumor activities, especially on lung and liver cancers, according to the increasing experimental and clinical evidence. However, the effect of CSO on TNBC and underlying mechanisms related to miRNA alteration remains to be explored. MicroRNA (miRNA) is a type of cellular non-coding small single-stranded RNA that can bind to the complementary sequence on the 3’UTR of specific mRNA, which results in the degradation or unstable condition of the target gene (Croce and Calin, 2005; Kian et al., 2018). In breast cancer, altered expression of specific miRNA may promote or suppress oncogenesis. Among these miRNAs, miR-205-5p abnormally expressed in a variety of tumors. Previous studies showed that miR-205-5p could function as a tumor suppressor in breast cancer (Zhang and Fan, 2015; Wang et al., 2019), prostate cancer (Tucci et al., 2012; Li and Li, 2018), kidney cancer (Chen et al., 2014), and melanoma (Chen et al., 2019), while act as an oncogene in the development of lung cancer (Jiang et al., 2017) and ovarian cancer (Wei et al., 2017). A large amount of evidence proved that the increased expression of miR-205-5p in tumor cells could significantly inhibit the proliferation and metastasis of breast cancer cells, especially TNBC cells (Xiao et al., 2019). Our data showed CSO blocked cell proliferation and tumor growth of TNBC 4T1 cells with an increase of miR-205 by miRNA-sequencing analysis (Figures 1, 2).

The main ingredients in CSO are fatty acids such as palmitic, stearic, oleic, and linoleic acids (Numata et al., 1994), which contribute to its anticancer activity. But the link between CSO and lipid metabolomics in TNBC is still unclear. Recent studies have demonstrated that Altered and reprogrammed sphingomyelin metabolism is strictly related to the progression of numerous cancers and has been identified as a hallmark of cancer aggressiveness. Sphingomyelin and its metabolites take participate in cellular signaling processes including cell growth, differentiation, senescence, and programmed cell death (Ogretmen and Hannun, 2004). Accumulation of sphingomyelins was significantly linked with better prognosis and disease-free survival outcomes in TNBC patients (Purwaha et al., 2018). The result of lipid metabolomics analysis showed CSO administration caused the SM accumulation in tumor-bearing mice (Figure 3).

miR-205 is a well-established miRNA in breast cancer. Nevertheless, its function in SM regulation has no previously been reported. Sphingosine-1-phosphate (S1P) and its receptors (sphingosine 1 phosphate receptors, S1PRs) in sphingomyelin metabolism are important signaling effectors involved in regulating cell growth, differentiation, senescence, and death (Pyne and Pyne, 2011; Adada et al., 2016; Ogretmen, 2018). The function of S1P depends on its receptors named S1PRs. Among S1P receptors, S1PR1 is implicated in tumorigenesis and progression (Waters et al., 2003; Brocklyn, 2010; Nagahashi et al., 2014; Weichand et al., 2017; Ogretmen, 2018; Rostami et al., 2019). S1PR1 increased its expression in TNBC. FTY720 reduces tumor growth, metastasis, angiogenesis, and enhances drug-sensitivity of TNBC as an antagonist of S1PR1 (Nagahashi et al., 2018). FTY720 targets the SphK1/S1P/S1PR1 axis including induction of polyubiquitylation and degradation of S1PR1 to regulate sphingolipid metabolism (Graler and Goetzl, 2004). Therefore, S1PR1 emerged as a potential therapeutic target for TNBC.

Our findings confirmed the association between miR-205 and S1PR1 in TNBC cells that S1PR1 is a direct target of miR-205. miR-205 directly targeted S1PR1 to regulate SM and consequent cell proliferation (Figure 4) and tumor development.

Cyclin D1 is a tumor-associated protooncogene recognized in recent years and overexpression in various tumor cells (Musgrove et al., 2011). The p27 protein is a tumor suppressor gene discovered in recent years. It blocks the cell transition from the quiescent phase to the proliferative phase in the cell cycle, thereby inhibiting cell proliferation and is a negative regulatory factor of the cell cycle (Chu et al., 2008).

CSO treatment repressed the expression of S1PR1 in cells and tumor tissues accompanied by the downregulated expression of cyclinD1 and upregulated expression of p27 (Figure 5).

The S1PR1 signaling can regulate the survival of breast cancer cells, which can increase the survival of breast cancer cells by downregulating the pro-apoptotic protein Bim and upregulating the anti-apoptotic protein Mcl-1, respectively, in ERK and PKC-dependent manner (Rutherford et al., 2013). In addition, one of the main functions of the activation of the S1PR1 signaling pathway is the continuous activation of STAT3 in the form of phosphorylation, leading to overexpression of NF-κB and IL-6, which promotes tumor development (Liang et al., 2013). Studies have shown that STAT3 is a transcription factor for the S1PR1 gene, and enhanced expression of S1PR1 can continuously activate STAT3 and upregulate the expression of the IL-6 gene, thereby accelerating tumor growth and metastasis (Liu et al., 2012; Liang et al., 2013). Similarly, studies indicate that S1PR1 can interact with JAK2, resulting in increased STAT3 phosphorylation, while activated STAT3 can, in turn, upregulate the expression of S1PR1 transcript levels, thus forming a feedforward cycle (Jin et al., 2016). Thus, targeted inhibition of the S1PR1/STAT3 can inhibit tumor proliferation and growth in a STAT3-dependent manner. Experimental evidence implicated S1PR1 coupled to Gi and persistently triggered STAT3, mitogen-activated protein kinase (MAPK) and AKT signaling pathways, to promote many types of tumor growth and metastasis including breast cancer (Lee et al., 2010; Deng et al., 2012; Paik et al., 2014; Go et al., 2015).

Our finding showed miR205-S1PR1 axis regulated activation of the STAT3 signal pathway (Figures 6A, B) as well as MAPK and AKT pathways (Figures 6C, D).



Conclusion

CSO exerted an anti-TNBC effect via the miR-205/S1PR1 axis to regulate sphingomyelin metabolism, and the downstream STAT3/MAPK/AKT signal pathways were partly involved. CSO may serve as a potential drug for the treatment of TNBC.
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