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Abstract
Background
Increasing evidence has revealed the close link between mitochondrial dynamic dysfunction and cancer. MIEF2 (mitochondrial elongation factor 2) is mitochondrial outer membrane protein that functions in the regulation of mitochondrial fission. However, the expression, clinical significance and biological functions of MIEF2 are still largely unclear in human cancers, especially in ovarian cancer (OC).

Methods
The expression and clinical significance of MIEF2 were determined by qRT-PCR, western blot and immunohistochemistry analyses in tissues and cell lines of OC. The biological functions of MIEF2 in OC were determined by in vitro and in vivo cell growth and metastasis assays. Furthermore, the effect of MIEF2 on metabolic reprogramming of OC was determined by metabolomics and glucose metabolism analyses.

Results
MIEF2 expression was significantly increased in OC mainly due to the down-regulation of miR-424-5p, which predicts poor survival for patients with OC. Knockdown of MIEF2 significantly suppressed OC cell growth and metastasis both in vitro and in vivo by inhibiting G1-S cell transition, epithelial-to-mesenchymal transition (EMT) and inducing cell apoptosis, while forced expression of MIEF2 had the opposite effects. Mechanistically, mitochondrial fragmentation-suppressed cristae formation and thus glucose metabolism switch from oxidative phosphorylation to glycolysis was found to be involved in the promotion of growth and metastasis by MIEF2 in OC cells.

Conclusions
MIEF2 plays a critical role in the progression of OC and may serve as a valuable prognostic biomarker and therapeutic target in the treatment of this malignancy.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-020-01802-9.
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Background
Ovarian cancer (OC) is one of the most common gynecological malignancies in women worldwide [1]. Despite advances of combined therapies including surgery and adjuvant approaches, the prognosis of patients with ovarian cancer continues to be poor. The molecular mechanisms involved in ovarian carcinogenesis are still poorly defined, which limited the effective methods for clinical treatment [2, 3]. Accordingly, identification of novel molecular alterations contribute to the metastatic growth of OC is critical for development of novel diagnostic and therapeutic strategies to obtain more effective treatment in this malignancy.
Alteration of glucose metabolism characterized by increased aerobic glycolysis (also known as Warburg effect) has been well-established as one of the hallmarks of cancer [4], which contributes tumor growth and metastasis by providing not only energy but also substrates for biosynthesis [5–7]. Emerging studies has revealed mitochondrial dysfunction as one of the most common reasons for increased aerobic glycolysis in cancer cells [8–11], suggesting that identification of novel regulators contributing mitochondrial dysfunction may uncover molecular mechanisms underlying the increased aerobic glycolysis in cancer cells.
Mitochondria are crucial organelles involved in cellular metabolism regulation. The morphology of mitochondrial is continuously remodeled by the balance between fission and fusion events [12–14]. During recent years, the close links between fragmented mitochondrial networks and cancer have been revealed in various types of human cancers [15], including liver [16, 17], breast [18, 19], lung [20, 21], colon [22] and ovarian [23, 24] cancers. In addition, abnormal expressions of mitochondria fission and fusion proteins such as DRP1 (dynamin-related protein 1) and MFN1 (mitofusion 1) have also been observed. MIEF2 (mitochondrial elongation factor 2) is a mitochondrial outer membrane protein that functions in the regulation of mitochondrial fission [25]. However, the expression, clinical significance and biological functions of MIEF2 are still largely unclear in human cancers, including ovarian cancer (OC).
In this study, we conduct the first study on MIEF2 in ovarian cancer to clarify its expression pattern, clinical significance, biological effects in this malignancy.
Methods
Cell culture and tissue collection
Human ovarian cancer (OC) cell lines (A2780, SKOV3, OVCAR3, HEY and ES2) and an immortalized but non-tumorigenic ovarian epithelial cell line IOSE80 were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). All cell lines were authenticated by STR profiling test to confirm their identities and cultured in Dulbecco’s Modified Eagle (DMEM) or RPMI-1640 Medium supplied with 10% fetal bovine serum, 100 U/ml penicillin and streptomycin in an incubator with 5% CO2 at 37 °C. In addition, 152-paired tumor and surrounding non-tumor tissue samples (30 for qRT-PCR analysis; 122 for IHC staining analysis) were collected from ovarian cancer patients at the First Affiliated Hospital of the Fourth Military Medical University in Xi’an, China. The study was approved by the Ethics Committee of Fourth Military Medical University. Informed consent was obtained from all individual participants included in the study.
Over-expression and knockdown of target genes
The transient knockdown of MIEF2 was obtained by transfection of small interference RNA (siRNA) with Lipofectamine 2000 (Invitrogen, California, USA) according to the manufacturer’s protocol. The sequence of si-MIEF2#1 was 5′- ACACCTAAGTTCAGCACTATAGCAC-3′; The sequence of si-MIEF2#2 was 5′- GCCATGCCTTGAAGATGTGAATAAA-3′. The stable knockdown of MIEF2 was obtained by transfection with the shRNA expression vector generated by a pSilencer™ 3.1-H1 puro vector (Ambion, Austin, TX, USA). For MIEF2 over-expression, the open reading frame sequence of MIEF2 was amplified and cloned into a pcDNA™3.1(C) vector (Invitrogen, V790–20). Synthetic miRNA mimics and control oligonucleotide (NC) were purchased from RiboBio Inc. (Guangzhou, China) and transfected into OC cells with Lipofectamine 2000 according to the manufacturer’s instruction.
RNA extraction and quantitative real-time PCR (qRT-PCR)
RNA was extracted from OC cells using Trizol reagent (Invitrogen, USA). Then, reverse transcription of extracted RNA was performed using a PrimeScript® RT reagent kit (Takara, Japan) following to the manufacturer’s instructions. PCR amplification was performed using SYBR Premix Ex Taq (Takara, Japan). Relative expressions of target genes were calculated using the 2-△△Ct method and β-actin was considered as a reference gene for normalization. The primer sequences were listed in the supplementary Table 1.
Western blot analysis
Cells were lysed with RIPA buffer containing the protease inhibitor cocktail (Sigma, USA). Proteins (35 μg) were separated in SDS-PAGE gels and transferred onto PVDF membrane (Millipore, USA). The membranes were then blocked with 5% milk and probed with primary and secondary horseradish-peroxidase-labeled antibodies. After washing three times, the signaling was detected by an enhanced chemiluminescence detection system (ECL; Amersham Pharmacia Biotech). Primary antibodies used in the present study were listed in the supplementary Table 2.
Immunohistochemistry (IHC) analysis
Paraffin-embedded tissue sections (4 μM) were rehydrated, blocked with 3% hydrogen peroxide and treated with hot citrate buffer. After that, primary antibodies of MIEF2 and Ki-67 were added and incubated overnight at 4 °C. The results were determined by an IHC detection kit (MXB, Fuzhou, China) according to the manufacturer’s protocol. The staining intensity was scored independently by two observers. Briefly, the scores for the proportion of positive staining (1, < 5%; 2, 5–30%; 3, 30–70%; 4, > 70%) and staining intensity (0, no staining; 1, weak; 2, moderate; 3, strong) were multiplied for each observer and then averaged.
MTS assay
A total of 1 × 103 OC cells were plated into 96-well cell culture plates (020096, Xinyou Biotech, Hangzhou, China). After grown for 0, 24, 48, 72, 96 and 120 h, 20 μL MTS solution (Promega, G3581) was added to each well and incubated 2 h at 37 °C. Finally, the absorption values at 490 nm were measured with a Bio-Rad’s microplate reader to determine the relative cellular proliferation capacities.
Colony formation assay
A total of 500 OC cells were seeded into 6-well plates and cultured for 15 days. Formed colonies were fixed with 4% paraformaldehyde and stained with crystal violet for 15 min, respectively.
Flow cytometry analysis of cell cycle and cell apoptosis
OC cells were washed with PBS and then analyzed with a cell cycle (F-6012, US Everbright Inc) kit or an Annexin V (FITC-conjugated) apoptosis (F-6012, US Everbright Inc) kit, according to their manufacturer’s protocols. Cell cycle distribution in each phase and percentage of apoptotic cells were determined with a flow cytometry (Beckman, Fullerton, CA).
Wound-healing cell migration assay
OC cells were cultured in 6-well plates and grown to 90% confluence. Then, a plastic pipette tip was used for scratching in the bottom of the wells. After washing two times with the culture medium without fetal bovine serum, images were captured with a light Olympus microscope at 0 and 24 h. Image J software was used for the determination of relative migration in each group.
Matrigel invasion assay
Matrigel-coated Invasion Chamber (BD Biosciences, UJ, USA) was used for assessment of cell invasion. Briefly, 2 × 104 OC cells were seeded in the upper chamber of the transwell insert in serum-free culture medium and cultured for 48 h. Penetrated cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The number of penetrated cells in each group was counted under a light Olympus microscope.
In vivo tumorigenicity assay
A total of 1 × 107 OC cells with different MIEF2 level were subcutaneously injected into the flank of 4–5 weeks old female BALB/c athymic nude mice (six mice per group). Tumor volumes were measured once every week for 5 weeks. Then, tumors were removed and their sizes and weights were determined. The animal study was approved by the Institutional Animal Experiment Committee of Xijing hospital and carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986.
In vivo metastatic assay
A total of 5× 106 OC cells with different MIEF2 level were intravenously injected into the tail vein of 4–5 weeks old female BALB/c athymic nude mice. After 7 weeks, the mice were sacrificed and metastatic tumors formed in their lungs were determined with hematoxylin and eosin (H&E) staining analysis.
Detection of oxygen consumption rate (OCR) and mitochondrial respiratory chain complexes activities
OC cells were plated into an XF96 plate at a density of 1.0 × 104 cells/well and cultured overnight. The XF96 Extracellular Flux Analyzer (Seahorse Bioscience) was used for detection of cellular oxygen consumption in OC cells, according to the manufacturer’s protocol.
A commercial kit from abcam (ab110419) was used for detection of the activities of the five mitochondrial respiratory chain complexes, following to the manufacturer’s protocol. The absorption values at 340 nm (complexes I and V), 550 nm (complexes III and IV) and 600 nm (complex II) were measured with a Bio-Rad’s microplate reader.
Detection of ATP
ATP production was determined with ATP Determination Kit (Thermo Fisher Scientific, A22066) following to the manufacturer’s instruction. Briefly, OC cells with different treatment were homogenized in the lysis buffer. The results were determined by luminescence (Promega, Glomax 20/20 luminometer) and normalized to protein concentration.
Determination of glucose consumption and lactate production
Glucose and lactate detection kits purchased from Nanjing jiancheng Bioengineering institute (Nanjing, China) were used for determination of glucose and lactate concentrations before and after 24 h cell culture in OC cells, following to their manufacturer’s protocols. In addition, a pH meter (PB-11 Basic Meter, The Netherlands) was used for the measurement of pH value in cell culture medium.
Statistical analysis
Results were presented as mean ± SEM. The SPSS software (17.0 version) was used for statistical analysis and p < 0.05 was considered as statistically significant (*). The two-tailed student’s t-test and one-way ANOVA with Tukey’s post-hoc test were used for comparisons between two or multiple groups, respectively. Kaplan-Meier method and log-rank test were used for overall and recurrence-free survival analyses.
Results
MIEF2 expression is increased in OC tissues and cell lines and associated with poor prognosis in patients with OC
The expression of MIEF2 was firstly evaluated in tumor and corresponding peritumor tissues from 30 patients with ovarian cancer (OC) using quantitative real-time PCR (qRT-PCR) analysis. Our results showed a significantly up-regulation of MIEF2 in OC tissues when compared with peritumor tissues (Fig. 1a). Consistently, increased MIEF2 expression was also detected in five OC cell lines (A2780, SKOV3, OVCAR3, HEY and ES2) as compared with an immortalized ovarian epithelial cell line IOSE80 (Fig. 1b-c).
[image: ../images/13046_2020_1802_Fig1_HTML.png]
Fig. 1MIEF2 expression is increased in OC tissues and cell lines and associated with poor prognosis in patients with OC. a The expression of MIEF2 was evaluated by qRT-PCR analysis in paired tumor and peritumor tissues from 30 OC patients. (T, tumor; P, peritumor). b and c qRT-PCR and Western blot analysis of MIEF2 expression in five human OC cell lines (A2780, SKOV3, OVCAR3, HEY and ES2) and an immortalized ovarian epithelial cell line IOSE80. d Immunohistochemical (IHC) staining of MIEF2 in 122-paired OC tumor and peritumor tissues. Scale bar, 50 μm. e and f Bioinformatics analysis using the KM plotter was applied for overall (e) and progression-free (f) survival of MIEF2 in OC patients. *P < 0.05


To explore the relationship between MIEF2 expression and survival of OC patients, immunohistochemical (IHC) analysis was applied for detection of MIEF2 protein expression level in another 122-paired OC tumor and peritumor tissues. MIEF2 was significantly higher in tumor tissues of OC compared to peritumor tissues (Fig. 1d). Kaplan-Meier survival analysis demonstrated that OC patients with higher MIEF2 expression had obvious poorer overall survival as compared to MIEF2 lower expression patients (Fig. 1e). Consistent with this, bioinformatics analysis using the KM-plotter [26] also indicated that OC patients with high MIEF2 expression had significant shorter overall (P = 0.001) and progression free survival (Fig. 1f). Taken together, MIEF2 expression was up-regulated in OC tissues/cells and associated with poor prognosis for patients with OC.
Knockdown of MIEF2 suppressed OC cell growth through induction of G1-S cell cycle arrest and cell apoptosis
Increased MIEF2 expression implies that MIEF2 may function as an oncogene in the tumorigenesis of OC. To prove this, MIEF2 expression was knocked-down in OVCAR3 and ES2 cells (Fig. 2a and b) with relatively high MIEF2 expression as shown in Fig. 1b and Fig. 1c. Knockdown of MIEF2 significantly suppressed cell proliferation and colony formation in OVCAR3 and ES2 cells (Fig. 2c and d), as determined by MTS cell viability and colony formation assays. To characterize the mechanism by which MIEF2 knockdown suppressed OC cell growth, the effects of MIEF2 knockdown on cell proliferation and apoptosis were determined by EdU (5-ethynyl-2′-deoxyuridine) incorporation assay, as well as flow cytometry cell cycle distribution and apoptosis assays. As shown in Fig. 2e-g, knockdown of MIEF2 in OVCAR3 and ES2 cells resulted in significant lower percentage of proliferating cells (Fig. 2e) and cell cycle arrest at G1 phase (Fig. 2f), while a significant increase of cell apoptosis (Fig. 2g), suggesting that MIEF2 knockdown suppressed OC cell growth through induction of G1-S cell cycle arrest and cell apoptosis.
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Fig. 2Knockdown of MIEF2 suppressed OC cell growth through induction of G1-S cell cycle arrest and cell apoptosis. a and b Knockdown of MIEF2 was confirmed by qRT-PCR and Western blot analysis in OVCAR3 and ES2 cells. siMIEF2, siRNA against MIEF2; siCtrl, control siRNA. c and d MTS cell viability and colony formation assays in OVCAR3 and ES2 cells with or without MIEF2 knockdown. e EdU incorporation assay was performed in OVCAR3 and ES2 cells with or without MIEF2 knockdown. Scale bars, 50 μm. f and g Flow cytometry analysis for cell cycle distribution and apoptosis in OVCAR3 and ES2 cells with or without MIEF2 knockdown. *P < 0.05


MIEF2 knockdown suppressed migration and invasion of OC cells
The effects of MIEF2 knockdown on cell migration and invasion of OC cells were also explored. Knockdown of MIEF2 significantly suppressed the migration abilities of OVCAR3 and ES2 cells when compared with control cells (Fig. 3a), as evidenced by wound healing assay. In addition, MIEF2 knockdown also inhibited the invasion abilities of OVCAR3 and ES2 cells, as shown by transwell matrigel invasion assay (Fig. 3b). Previous studies have shown that epithelial-mesenchymal-transition (EMT) plays crucial roles during cancer metastasis through decreasing cell-cell contact and increasing cell migration and invasion [27]. To investigate how MIEF2 controls OC migration and invasion, the expressions of principal epithelial and mesenchymal regulators were determined by qRT-PCR and Western blot analyses. MIEF2 knockdown significantly increased the levels of epithelial regulators of E-cadherin and ZO-1, while decreased the levels of mesenchymal regulators of N-cadherin and Vimentin (Fig. 3c and d), indicating that MIEF2 knockdown suppressed the migration and invasion of OC cells through inhibiting EMT.
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Fig. 3MIEF2 knockdown suppressed migration and invasion of OC cells. a and b Scratch wound healing and transwell matrigel invasion assays were applied in OVCAR3 and ES2 cells with or without MIEF2 knockdown. siMIEF2, siRNA against MIEF2; siCtrl, control siRNA. c and ds qRT- PCR and western blot analysis for expressions of epithelial markers of E-cadherin and ZO-1, and mesenchymal markers of N-cadherin and Vimentin in OVCAR3 and ES2 cells with or without MIEF2 knockdown. *P < 0.05


MIEF2 knockdown suppressed OC growth and metastasis in nude mice
We then explored the in vivo tumor-promoting effects of MIEF2 in OC. Stably MIEF2 knockdown (shMIEF1) and control (shCtrl) OVCAR3 cells (Fig. S1A and S1B) were injected into the flanks of nude mice to construct xenograft models. MIEF2 knockdown significantly inhibited the growth of tumors (Fig. 4a) and decreased their weights (Fig. 4b). Immunochemistry (IHC) staining showed significantly decreased MIEF2 expression in shMIEF2 tumor tissues compared to shCtrl (Fig. 4c), implying that the tumor growth inhibiting effect was exerted by MIEF2 knockdown. In addition, in line with the in vitro results, significantly fewer proliferating and more apoptotic cells were detected in xenografts from shMIEF2 group compared to those from shCtrl group, as determined by Ki-67 and TUNEL staining assays, respectively (Fig. 4d and e). Moreover, MIEF2 knockdown also significantly suppressed lung metastasis of OVCAR3 cells in nude mice (Fig. 4f).
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Fig. 4MIEF2 knockdown suppressed OC growth and metastasis in nude mice. a and b Growth curves and weights of xenograft tumors developed from OVCAR3 cells with or without MIEF2 knockdown. Scale bars, 20 μm. c and d IHC staining of MIEF2 and Ki-67 in xenograft tumors developed from OVCAR3 cells with or without MIEF2 knockdown. Scale bars, 20 μm. e TUNEL assay for cell apoptosis in tumor tissues developed from OVCAR3 cells with or without MIEF2 knockdown. Scale bars, 5 μm. f Incidence of lung metastasis of OVCAR3 cells with or without MIEF2 knockdown. Scale bars, 10 μm. *P < 0.05


Over-expression of MIEF2 enhanced OC cell growth and metastasis
To provide further support for the promoting effects of MIEF2 on cell growth and metastasis in OC, MIEF2 was over-expressed in SKOV3 and HEY cells with relatively low MIEF2 expression shown in Fig. 1b and Fig. 1c. Over-expression of MIEF2 expression (Fig. 5a and b) markedly increased the proliferation and colony formation capacities of SKOV3 and HEY cells (Fig. 5c and d). In addition, forced expression of MIEF2 also obviously enhanced the migration and invasion abilities of SKOV3 and HEY cells (Fig. 5e and f).
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Fig. 5Overexpression of MIEF2 enhanced OC cell growth and metastasis. a and b qRT-PCR and Western blot analysis for MIEF2 expression in SKOV3 and HEY cells with or without MIEF2 overexpression. MIEF2, MIEF2 expression vector; EV, empty vector. c and d MTS cell viability and colony formation assays in SKOV3 and HEY cells with or without MIEF2 overexpression. e and f Wound healing migration and transwell matrigel invasion assays in SKOV3 and HEY cells with or without MIEF2 overexpression. *P < 0.05


MIEF2 over-expression is mainly mediated by the down-regulation of miR-424-5p in OC
MicroRNAs (miRNAs) are important post-transcriptional regulators of gene expression. To identify potential miRNAs contribute to MIEF2 over-expression in OC, target prediction was applied using microRNA Data Integration Portal (mirDIP) [28]. Among the top five predicted miRNAs targeting MIEF2 (Fig. S2), only miR-424-5p transfection decreased MIEF2 expression in SKOV3 and HEY cells (Fig. 6a and b). In addition, a significant negative correlation was observed between the levels of miR-424-5p and MIEF2 in tumor tissues from 30 OC patients (Fig. 6c). As expected, a significantly down-regulation of miR-424-5p was observed in tumor tissues of OC as compared to their normal counterparts from 30 OC patients (Fig. 6d), indicating that MIEF2 over-expression is mainly mediated by the down-regulation of miR-424-5p in OC. Furthermore, we found that forced expression of miR-424-5p significantly attenuated the promoting effects of MIEF2 over-expression on OC growth and metastasis in SKOV3 and HEY cells (Fig. 6e-i).
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Fig. 6MIEF2 over-expression is mainly mediated by down-regulation of miR-424-5p in OC. a and b qRT-PCR and Western blot analyses for the expression of MIEF2 in OVCAR3 and ES2 cells after transfection with synthetic miR-424-5p. c Correlation between the expressions of MIEF2 and miR-424-5p in tumor tissues from 30 OC patients. d The expression of miR-424-5p was determined by qRT-PCR analysis in paired tumor and peritumor tissues from 30 OC patients. e The expression of MIEF2 was determined by Western blot analysis in SKOV3 and HEY cells transfected with indicated vectors. f and g MTS cell viability and colony formation assays in SKOV3 and HEY cells transfected with indicated vectors. h and i Wound-healing and matrigel invasion assays in SKOV3 and HEY cells transfected with indicated vectors. *P < 0.05


MIEF2 enhanced the Warburg effect in ovarian cancer cells
Mitochondrial plays important roles in the regulation of cellular metabolism. Considering that MIEF2 is a crucial regulator of mitochondrial fission and morphology, we thus hypothesized that MIEF2 over-expression may contribute to the reprogramming of metabolism in OC cells. To define the metabolic alterations induced by MIEF2, we first examined the effects of MIEF2 knockdown and over-expression on mitochondrial oxygen consumption rate (OCR), oxidative phosphorylation (OXPHOS) activity and ATP production. Our results showed that knockdown of MIEF2 in OVCAR3 cells significantly increased the rate of oxygen consumption (Fig. 7a), activities of respiratory chain complexes I-V (Fig. 7b) and ATP production (Fig. 7c), while forced MIEF2 expression exhibited the opposite effects in SKOV3 cells (Fig. 7a-c). Electron microscopy showed that MIEF2 significantly induced mitochondrial fragmentation with increased cristae width (Fig. 7d), a phenotype consistent with mitochondrial OXPHOS defects [29]. These results suggest that MIEF2 suppressed mitochondrial respiration in OC cells mainly through mitochondrial fragmentation-suppressed cristae formation. Considering that impaired mitochondrial OXPHOS is often accompanied by increased glycolysis, which has been well-known as the “Warburg effect”, we accordingly assessed the potential role of MIEF2 in the glycolysis of OC cell. Glucose consumption and lactate production assays revealed that MIEF2 knockdown significantly suppressed glucose consumption and lactate production, whilst pH value in the culture medium was significantly increased. In contrast, MIEF2 over-expression exhibited the opposite effects (Fig. 7e-g). To further corroborate these results, cellular metabolites were relatively quantified by gas chromatography-mass spectrometry (GC-MS) analysis. We found that MIEF2 knockdown resulted in a significant decrease in intracellular concentrations of glycolytic intermediates (glucose 6-phosphate (G6P), fructose 6-phosphate (F6P), glyceraldehyde 3-phosphate (GA3P), 3-phosphoglycerate (3PG) and lactate), while a significant increase in TCA cycle metabolites (citrate, aconitate, α-ketoglutarate, fumarate, malate) in OVCAR3 cells. In contrast, over-expression of MIEF2 was associated with increased glycolytic intermediates, while decreased TCA cycle metabolites in SKOV3 cells (Fig. 7h). These results indicate that MIEF2 switched the glucose metabolism from oxidative phosphorylation to glycolysis in OC cells.
[image: ../images/13046_2020_1802_Fig7_HTML.png]
Fig. 7MIEF2 enhanced the Warburg effect in ovarian cancer cells. a Oxygen consumption rate (OCR) was determined in OVCAR3 and SKOV3 cells with MIEF2 knocked-down or over-expressed. b Relative activities of respiratory complexes I, II, III, IV and V were determined in OVCAR3 and SKOV3 cells with MIEF2 knocked-down or over-expressed. c ATP production was measured in OVCAR3 and SKOV3 cells with MIEF2 knocked-down or over-expressed. d Representative transmission electron microscopy images of mitochondrial in OC cells with treatment as indicated. Scale bars, 0.2 μm. Mitochondrial length and cristae width were quantitatively analyzed. e and f Relative glucose consumption and lactate production were determined in OVCAR3 and SKOV3 cells with MIEF2 knocked-down or over-expressed. g PH value in cell culture medium was determined in OVCAR3 and SKOV3 cells with MIEF2 knocked-down or over-expressed. h Relative intracellular levels of intermediates in glycolysis and TCA cycle were determined by gas chromatography–time of flight–mass spectrometry (GC-MS) analysis in OVCAR3 and SKOV3 cells with MIEF2 knocked-down or over-expressed. *P < 0.05


MIEF2 promoted OC growth and metastasis through activating aerobic glycolysis
Increased aerobic glycolysis has been coupled with various malignant phenotypes of cancer cells, including tumor growth and metastasis [7, 30]. To test whether the promoting effects of MIEF2 on OC cell growth and metastasis were dependent on increased aerobic glycolysis, glucose in cell culture medium was replaced by galactose (cannot be fermented), which induced cells to rely on mitochondrial metabolism to generate sufficient ATP for survival. As shown in Fig. 8a-d, inhibition of glycolysis by galactose significantly attenuated the growth and metastasis promoted by MIEF2 over-expression in SKOV3 and HEY cells, as determined by MTS cell viability, colony formation, wound healing migration and transwell matrigel invasion assays. These results imply that MIEF2 may exert its oncogenic functions in OC cells through activating aerobic glycolysis.
[image: ../images/13046_2020_1802_Fig8_HTML.png]
Fig. 8MIEF2 promoted OC growth and metastasis through activating aerobic glycolysis. a and b MTS cell viability and colony formation assays were performed in SKOV3 and HEY cells treated with or without galactose to suppress glycolysis. c and d Wound-healing migration and matrigel invasion assays were performed in SKOV3 and HEY cells treated with or without galactose to suppress glycolysis. *P < 0.05


Discussion
Mitochondria are the primary energy source for cellular functions, such as cell survival, proliferation, and migration [31, 32]. The morphology of mitochondria is dynamically regulated by the balance between fusion and fission events to maintain energy and metabolic homeostasis [12]. During recent years, a series of studies have revealed the close links between mitochondrial dynamic imbalance and various human cancers [15], including liver [16, 17], breast [18, 19], lung [20, 21], colon [22] and ovarian [23, 24, 33] cancers. MIEF2 (mitochondrial elongation factor 2) is an outer mitochondrial membrane protein involved in the regulation of mitochondrial fission [25]. However, the expression, clinical significance and biological functions of MIEF2 are still largely unclear in human cancers, especially in ovarian cancer (OC). Here, we for the first time demonstrate that MIEF2 is frequently over-expressed in tissues and cell lines of OC mainly due to the down-regulation of miR-424-5p. Over-expression of MIEF2 is associated with poor survival for patients with OC. Consistent with our present findings of MIEF2 in OC, increased expressions of mitochondrial dynamic proteins such as DRP1 (dynamin related protein 1), mitofusin 1 (MFN1) and mitofusin 2 (MFN2) have also been reported in human cancers of liver [16], lung [21, 34], colon [35] and breast [19]. Moreover, significant correlations between the abnormal expressions of mitochondrial dynamic proteins of DRP1 and MFN1 and the prognosis of patients have also been reported in liver [16] and lung cancers. In OC, another critical crucial mitochondrial fission factor MARCH5 has also been reported to substantially up-regulated in tumor tissue in comparison with normal controls [36]. These studies collectively indicate that mitochondrial dynamic dysfunction plays critical roles in the progression of human cancers.
Elevated expression of MIEF2 suggests that MIEF2 may play an oncogenic role in the progression of OC. With this connection, the biological functions of MIEF2 were explored both in vitro and in vivo. We found that MIEF2 knockdown markedly suppressed the viability and colony formation abilities of OVCAR3 and ES2 cells, while forced expression of MIEF2 significantly increased the viability and colony formation abilities of SKOV3 and HEY cells. Subcutaneous tumor models further confirmed that knockdown of MIEF2 significantly attenuated the growth abilities of OC cells in nude mice. Similarly, over-expression of another mitochondrial fission factor DRP1 has also been shown to promote tumor cell growth in human cancers of liver [16], lung [21] and breast [37]. Given that cell growth is determined by both cell proliferation and apoptosis, we thus explored the mechanism by which MIEF2 knockdown suppressed OC cell growth and found that MIEF2 knockdown suppressed OC cell growth through both inducing G1–S cell cycle arrest and cell apoptosis. In line with this, Ki-67 and TUNEL staining assays also demonstrated fewer proliferating cells and more apoptotic cells in MIEF2 knockdown subcutaneous tumors compared to the controls.
In addition to tumor growth, the role of MIEF2 in the metastasis of OC cells was also investigated. Knockdown of MIEF2 in OVCAR3 and ES2 cells significantly suppressed their migration and invasion abilities. Conversely, overexpression of MIEF2 enhanced the migration and invasion abilities in SKOV3 and HEY cells. Consistently, increased expression of another mitochondrial fission regulator MARCH5 has also been reported to promote the migration and invasion of OC cells both in vitro and in vivo [36]. Moreover, we found that MIEF2 exerts its metastatic promoting role in OC through inducing epithelial-mesenchymal transition (EMT). Similarly, a previous study in hepatocellular carcinoma has also indicated that silencing of another mitochondrial fission protein MTP18 markedly suppressed the invasion abilities of pancreatic cancer cells through inhibiting EMT [38]. By contrast, as a mitochondrial fusion protein, MFN1 has been shown to play an EMT suppressive role in HCC [39]. These observations collectively indicate that dysregulated mitochondrial dynamics play crucial roles during epithelial-mesenchymal transition and metastasis in cancer cells.
MicroRNAs (miRNAs) are important post-transcriptional regulators of gene expression. miR-424-5p has been established as a novel tumor suppressor that was frequently down-regulated in several types of cancer, including breast cancer [40], hepatocellular carcinoma [41], bladder cancer [42] and cervical cancer [43]. A previous study in ovarian cancer also has reported that miR-424-5p was significantly down-regulated and promoted cell proliferation [44]. Consistently, our present study also revealed a significant down-regulation of miR-424-5p in OC cells. Furthermore, we demonstrated that the down-regulation of miR-424-5p contributed to MIEF2 up-regulation and thus tumor growth and metastasis in OC. However, we still cannot rule out the possibility that other genetic or epigenetic alterations may also contribute to the overexpression of MIEF2 in OC.
Reprogrammed glucose metabolism characterized by preferential dependence on glycolysis versus oxidative phosphorylation (OXPHOS) for energy production (also known as Warburg effect), even in the presence of oxygen, has been known as a hallmark of cancer [4]. Although several oncogenes such as myc and RAS have been shown to play important roles in this metabolic reprogramming [45], the key plays contribute to increased aerobic glycolysis in cancer cells still needs further investigation. Glucose metabolism in cancer is balanced by glycolysis and mitochondrial OXPHOS [46]. During the past several decades, mitochondrial malfunction has been revealed as one of the most common reasons for increased aerobic glycolysis in cancer cells [10, 21]. However, identification of novel regulators contributing mitochondrial dysfunction and thus increased aerobic glycolysis is still urgently needed. Here, we revealed that over-expression of MIEF2 significantly promoted the metabolic switch from oxidative phosphorylation to glycolysis in OC cells. Moreover, we found that enhanced aerobic glycolysis was involved in MIEF2-promoted tumor growth and metastasis. These results suggest that mitochondrial dysfunction plays a crucial role in the reprogramming of glucose metabolism and thus tumor progression in human cancers.
Conclusions
In summary, we show for the first time that MIEF2 is commonly over-expressed in OC and its over-expression is associated with poor survival for patients with OC. MIEF2 plays a crucial oncogenic role in the progression of OC through reprogramming glucose metabolism from oxidative phosphorylation to glycolysis. Our results suggest MIEF2 as a novel prognostic marker and therapeutic target in treatment of OC.
Acknowledgements
We would like to thank Dr. Jing Zhao, Experimental Teaching Center of Basic Medicine, Fourth Military Medical University for guidance with xenograft studies.

Authors’ contributions
S.Z. and Y.S. performed most experiments, analyzed data; L.C., T.S. and B.W. participated in the in vitro and vivo study. J.L. and H.Y. designed the overall study, supervised the experiments. J.L. wrote the paper. H.Y. revised the paper and acquired the funding. All authors read and approved the final manuscript.

Funding
This work was supported by the National Major Scientific Instrument and Equipment Development Project of China (Grant No. 2018YFF01012100), the Scientific and Technological Project of Social Development in Shaanxi Province (Grant No. 2016SF-254), the Booster programs of Xijing Hospital (Grant Nos. XJZT19H03, XJZT18MJ92, XJZT19D08, XJZT19ML25).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the Ethics Committee of Fourth Military Medical University. Informed consent was obtained from all individual participants included in the study.
Animal studies in nude mice were approved by the Institutional Animal Experiment Committee of Xijing hospital and carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986.

Consent for publication
Not applicable.

Competing interests
No financial and non-financial competing interests exist in this study.


References
	1.
Lheureux S, Gourley C, Vergote I, et al. Epithelial ovarian cancer [J]. Lancet. 2019;393(10177):1240–53.PubMed

	2.
Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer: evolution of management in the era of precision medicine [J]. CA Cancer J Clin. 2019;69(4):280–304.PubMed

	3.
Krzystyniak J, Ceppi L, Dizon DS, et al. Epithelial ovarian cancer: The molecular genetics of epithelial ovarian cancer. Ann Oncol, 2016,27 Suppl 1 i4-i10.

	4.
Schwartz L, Supuran CT, Alfarouk KO. The Warburg effect and the hallmarks of cancer [J]. Anti Cancer Agents Med Chem. 2017;17(2):164–70.

	5.
Kato Y, Maeda T, Suzuki A, et al. Cancer metabolism: new insights into classic characteristics [J]. The Japanese dental science review. 2018;54(1):8–21.PubMed

	6.
Ganapathy-Kanniappan S, Geschwind JF. Tumor glycolysis as a target for cancer therapy: Progress and prospects. Molecular cancer. 2013;12:152.PubMedPubMedCentral

	7.
Corbet C, Feron O. Tumour acidosis: from the passenger to the driver's seat [J]. Nat Rev Cancer. 2017;17(10):577–93.PubMed

	8.
Porporato PE, Filigheddu N, Pedro JMB, et al. Mitochondrial metabolism and cancer [J]. Cell Res. 2018;28(3):265–80.PubMed

	9.
Herst PM, Grasso C, Berridge MV. Metabolic reprogramming of mitochondrial respiration in metastatic cancer [J]. Cancer Metastasis Rev. 2018;37(4):643–53.PubMed

	10.
Lu J, Tan M, Cai Q. The warburg effect in tumor progression: Mitochondrial oxidative metabolism as an anti-metastasis mechanism. Cancer Lett. 2015;356(2 Pt A):156–64.PubMed

	11.
Corbet C, Feron O. Cancer cell metabolism and mitochondria: nutrient plasticity for tca cycle fueling [J]. Biochim Biophys Acta Rev Cancer. 2017;1868(1):7–15.PubMed

	12.
Westermann B. Mitochondrial fusion and fission in cell life and death [J]. Nat Rev Mol Cell Biol. 2010;11(12):872–84.PubMed

	13.
Lee H, Yoon Y. Mitochondrial fission and fusion [J]. Biochem Soc Trans. 2016;44(6):1725–35.PubMed

	14.
Tilokani L, Nagashima S, Paupe V, et al. Mitochondrial dynamics: overview of molecular mechanisms [J]. Essays Biochem. 2018;62(3):341–60.PubMedPubMedCentral

	15.
Trotta AP, Chipuk JE. Mitochondrial dynamics as regulators of cancer biology [J]. Cell Mol Life Sci. 2017;74(11):1999–2017.PubMedPubMedCentral

	16.
Huang Q, Zhan L, Cao H, et al. Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the ros-modulated coordinated regulation of the nfkb and tp53 pathways [J]. Autophagy. 2016;12(6):999–1014.PubMedPubMedCentral

	17.
Li J, Huang Q, Long X, et al. Mitochondrial elongation-mediated glucose metabolism reprogramming is essential for tumour cell survival during energy stress [J]. Oncogene. 2017;36(34):4901–12.PubMed

	18.
Chen L, Zhang J, Lyu Z, et al. Positive feedback loop between mitochondrial fission and notch signaling promotes survivin-mediated survival of tnbc cells [J]. Cell Death Dis. 2018;9(11):1050.PubMedPubMedCentral

	19.
Zhao J, Zhang J, Yu M, et al. Mitochondrial dynamics regulates migration and invasion of breast cancer cells [J]. Oncogene. 2013;32(40):4814–24.PubMed

	20.
Qi M, Dai D, Liu J, et al. Aim2 promotes the development of non-small cell lung cancer by modulating mitochondrial dynamics [J]. Oncogene. 2020;39(13):2707–23.PubMed

	21.
Rehman J, Zhang HJ, Toth PT, et al. Inhibition of mitochondrial fission prevents cell cycle progression in lung cancer [J]. FASEB J. 2012;26(5):2175–86.PubMedPubMedCentral

	22.
Tailor D, Hahm ER, Kale RK, et al. Sodium butyrate induces drp1-mediated mitochondrial fusion and apoptosis in human colorectal cancer cells. Mitochondrion. 2014;16:55–64.PubMed

	23.
Reiter RJ, Sharma R, Ma Q, et al. Melatonin inhibits Warburg-dependent cancer by redirecting glucose oxidation to the mitochondria: A mechanistic hypothesis [J]. Cellular and molecular life sciences : CMLS. 2020;77(13):2527–42.PubMed

	24.
Kingnate C, Charoenkwan K, Kumfu S, et al. Possible roles of mitochondrial dynamics and the effects of pharmacological interventions in chemoresistant ovarian cancer. EBioMedicine. 2018;34:256–66.PubMedPubMedCentral

	25.
Liu T, Yu R, Jin SB, et al. The mitochondrial elongation factors mief1 and mief2 exert partially distinct functions in mitochondrial dynamics [J]. Exp Cell Res. 2013;319(18):2893–904.PubMed

	26.
Nagy A, Lanczky A, Menyhart O, et al. Validation of mirna prognostic power in hepatocellular carcinoma using expression data of independent datasets [J]. Sci Rep. 2018;8(1):9227.PubMedPubMedCentral

	27.
Dongre A, Weinberg RA. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer [J]. Nat Rev Mol Cell Biol. 2019;20(2):69–84.PubMed

	28.
Shirdel EA, Xie W, Mak TW, et al. Navigating the micronome--using multiple microrna prediction databases to identify signalling pathway-associated micrornas [J]. PLoS One. 2011;6(2):e17429.PubMedPubMedCentral

	29.
Buck MD, O'Sullivan D, Klein Geltink RI, et al. Mitochondrial dynamics controls t cell fate through metabolic programming [J]. Cell. 2016;166(1):63–76.PubMedPubMedCentral

	30.
Lunt SY, Vander Heiden MG. Aerobic glycolysis: Meeting the metabolic requirements of cell proliferation. Annual review of cell and developmental biology. 2011;27:441–64.PubMed

	31.
Giacomello M, Pyakurel A, Glytsou C, et al. The cell biology of mitochondrial membrane dynamics [J]. Nat Rev Mol Cell Biol. 2020;21(4):204–24.PubMed

	32.
Kim HK, Noh YH, Nilius B, et al. Current and upcoming mitochondrial targets for cancer therapy. Semin Cancer Biol. 2017;47:154–67.PubMed

	33.
de Almeida Chuffa LG, Seiva FRF, Cucielo MS, et al. Mitochondrial functions and melatonin: A tour of the reproductive cancers [J]. Cellular and molecular life sciences : CMLS. 2019;76(5):837–63.PubMed

	34.
Yu L, Xiao Z, Tu H, et al. The expression and prognostic significance of drp1 in lung cancer: A bioinformatics analysis and immunohistochemistry [J]. Medicine (Baltimore). 2019;98(48):e18228.

	35.
Kim YY, Yun SH, Yun J. Downregulation of drp1, a fission regulator, is associated with human lung and colon cancers [J]. Acta Biochim Biophys Sin Shanghai. 2018;50(2):209–15.PubMed

	36.
Hu J, Meng Y, Zhang Z, et al. March5 rna promotes autophagy, migration, and invasion of ovarian cancer cells [J]. Autophagy. 2017;13(2):333–44.PubMed

	37.
Tang Q, Liu W, Zhang Q, et al. Dynamin-related protein 1-mediated mitochondrial fission contributes to ir-783-induced apoptosis in human breast cancer cells [J]. J Cell Mol Med. 2018;22(9):4474–85.PubMedPubMedCentral

	38.
Zhang Y, Li H, Chang H, et al. Mtp18 overexpression contributes to tumor growth and metastasis and associates with poor survival in hepatocellular carcinoma [J]. Cell Death Dis. 2018;9(10):956.PubMedPubMedCentral

	39.
Zhang Z, Li TE, Chen M, et al. Mfn1-dependent alteration of mitochondrial dynamics drives hepatocellular carcinoma metastasis by glucose metabolic reprogramming [J]. Br J Cancer. 2020;122(2):209–20.PubMed

	40.
Wang J, Wang S, Zhou J, et al. Mir-424-5p regulates cell proliferation, migration and invasion by targeting doublecortin-like kinase 1 in basal-like breast cancer. Biomed Pharmacother. 2018;102:147–52.PubMed

	41.
Du H, Xu Q, Xiao S, et al. Microrna-424-5p acts as a potential biomarker and inhibits proliferation and invasion in hepatocellular carcinoma by targeting trim29. Life Sci. 2019;224:1–11.PubMed

	42.
Matsushita R, Seki N, Chiyomaru T, et al. Tumour-suppressive microrna-144-5p directly targets ccne1/2 as potential prognostic markers in bladder cancer [J]. Br J Cancer. 2015;113(2):282–9.PubMedPubMedCentral

	43.
Zhou Y, An Q, Guo RX, et al. Mir424-5p functions as an anti-oncogene in cervical cancer cell growth by targeting kdm5b via the notch signaling pathway. Life Sci. 2017;171:9–15.PubMed

	44.
Liu J, Gu Z, Tang Y, et al. Tumour-suppressive microrna-424-5p directly targets ccne1 as potential prognostic markers in epithelial ovarian cancer [J]. Cell Cycle. 2018;17(3):309–18.PubMedPubMedCentral

	45.
Mikawa T, ME LL, Takaori-Kondo A, et al. Dysregulated glycolysis as an oncogenic event [J]. Cell Mol Life Sci. 2015;72(10):1881–92.PubMed

	46.
Jose C, Bellance N, Rossignol R. Choosing between glycolysis and oxidative phosphorylation: A tumor's dilemma? [J]. Biochim Biophys Acta. 2011;1807(6):552–61.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		MIEF2 over-expression promotes tumor growth and metastasis through reprogramming of glucose metabolism in ovarian cancer


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2020_1802_Fig8_HTML.png
SKOV3

SKOV3

-+ EV = MIEF2
-+ MIEF2+galactose

JsquinN AuojoD

S
w«@%

%y,

&

AlqeiA 1180

<<‘L
Sg°

NG

9
®<<3

<

P

0
0
100

JaquinN AuojoD)

HEY

S
%@0@\ @@
%,

%,

B

-+ EV = MIEF2
-+ MIEF2+galactose

HEY

S ® G T NO
- O OO OO

AlgeiA 1180

2 3 4 56
Time (Days)

1

0

SKOV3

HEY

SKOV3

[
R
S %
O\OV\@@OJ
2,4
qw@
%
7>
O o O O
M N

plal 1ad s|jo0 pspeAu|

plel) 1ad s||30 papeAy|

[St
S
W@@bw
Sy

B





OEBPS/images/13046_2020_1802_Fig4_HTML.png
<L

N
x >
%,

6 & © o
= 2 3 3

(6) yBrapn Jowny

= o
=
o u
G =
@ =
[%2]
r o
*
| —
F w0
F<r
F oM
N
[T
sy L~
IS
= &=
2] | —
+ O
© o o T o
ez I3

({wo) awnjoA Jown]

Weeks post cells injection

shMIEF2

shCtrl

shMIEF2

shCtrl

(%) slleo anmisod /g1y

Z¢43Injo

Ko

S8102

shMIEF2

shCtrl

shMIEF2

shCtrl

© <+ o o

Sse|npou sisejsejaw
Bunj Jo JequinN

(%) sli90 onoydody






OEBPS/images/13046_2020_1802_Fig1_HTML.png
MIEF2 mRNA expression
(Log, T/ P)

Overall survival

6_
44 s . e . *.
L Y hd
2 oot * * .o’
. * ‘e . .o
0 . *
. . .
=24
-4 : T ]
0 10 20 30

Perltumor

HR=1.36 (1.1-1.66)
logrank P=0.004
Low
(n=433)
High
] (n 222)

OC patients (n=30)

Tumor

0 50 100 150 200 250
Time (months)

IHC scores of MIEF2

Progression-Free-Survival

Relative mRNA levels
of MIEF2

1.0 1
0.8 1
0.6 1
0.4
0.2 1
0.0

a BB MIEF2|"‘

E
1.0
— = (n=61)

S5 0.6

(2]

T 04

S o High MIEF2

© (n=61) " p_0.006
0.0 - o

0 20 40 60 80100 120
Time (months)

HR=1.31 (1.06-1.62)
logrank P=0.011

Low (n=454)

High (n=1

0 50 100 150 200 250
Time (months)





OEBPS/images/13046_2020_1802_Fig3_HTML.png
& N & &
Sp&g’ ¢ ;@‘g} \&@“Q
& &

OVCAR3 ES-2
SiCtrl SE-MIEF2#1  S-MIEF242 = o . siCtrl si-MIEF 2#1 Si-MIEF2#2 .
£ — j =& 60—
e @ —
I 7 4 - 7 40
= < = S
g 2 g 20
g S
L
s <« C} :ﬁ‘ fp’@'
z & & &
N8
=)
OVCAR3 ES-2
siCtrl S-MIEF2#1  si-MIEF2#2 %ESU —_ siCtrl s-MIEF2#1  s-MIEF2#2 23 % —
3% 601 L ' .f_)g 604 —
=}
5o 40 2o a0
28 238
§§ 20 gm 20
ZE ZE 0
N N N N a2
& & & & & F
¢ ¢ & W
RN & &
c D OVCAR3 ES-2
. >y S
OVCAR3 ES-2 F o F
> [\“/( ‘g > l\“/( "’l‘/<
S &
2 O sictl 2 O sicrl Lo gFF
35 WsiMEF2#1  § 5 . B si-MIEF2#1 _ ) LS
< 4 MSiMIEF2#2 < 4 A W si-MIEF2#2 E-cadherin | === E-cadherin [~
z 3 g 3 ] p—
E E Z0-1 - 70-1 |— ——
o 2 o 2 — —_——
% PRI N T % e bR el S T N-cadherin fes—— - - N-cadherin [em—————
D 0 T 0 I
o o

,‘/d\ ‘&é\ e};\é\ Vimentin: | g s s Vimentin E
[ y———






OEBPS/images/13046_2020_1802_Fig6_HTML.png
® » B C
° OVCAR3 S ES2 OVCAR3 ES2
T 15 S 15 & &3
z % 10 z LUS'J 1.0 §§‘ Q?q, 0
£ £ & 3R 3
25 05 ) 3% 05 , & &8 N
§ ool & ool merz =1 ] 3 ™
2 RIRET ¢ SSS i B2 £ °8ocscsoste
. g_,'\ .g-jg}ggg} ' @,':Q\Q{\Q}@b@} MIEF2 mRNA levels
INSIARSISRS NI
F
% s SKOV3 S HEY SKOV3 HEY
87 L g -~ 15 EV = MIEF2 > 1.5~ EV_~ MIEF2
510 & é%—g & é,?é?/ £ | 5] MIEF2+miR-424-5p £12 - MIEF2+miR-424-5p
R NS K go.
Sos é ? g ST @ SSE >0 >0 })
€ 5 MEF2[==mme=]  [—] 3 8os3
e 0 .0 0.0
0& pactn[==—=—]  [—=—=—] 0123456 0123456
QQ,«\\ Time(Days) Time(Days)
SKOV3 HEY
MEF2 & MIEF2 @ %
BV MEF2 +miR4245p € 309 , —= MIEF2 +miR-424-5p € 300] —
2 200
>
£ 100
S8 o
N AR
AP AR
W
& &
SKOV3 * HEY )
mer2 |, MEF2 2 . MIEF2 +miftd2a5p &
o 60 x| S 60 .
5 — S —
© ©
- 20 o 20
c c
< 3 oLt < 3 oLt
7 = & <<j<'” R I = QR A
W N A
N\
& &
SKOV3 HEY
MEF2 ©3 %o
EV MIEF2 +m|R 2245 §280 . MIEF2 , MREAS) 5p g & 60
: 3% N --- B
[ORNe] ok}
E 220 £820
2 £ ot e 2e -
4 SV ¢S
<</ » 134
¢ S A
& &





OEBPS/css/envelope.png





OEBPS/images/13046_2020_1802_Fig7_HTML.png
A OVCAR3 SKOV3 B OVCAR3 SKOV3
= SiCtrl = SIMIEF2#1 = SiIMIEF2#2 - . o [Isi i i 5
trl -« si i __=EV <~ MIEF2 s OsiCtrl [l sIMIEF2#1 W sIMIEF2#2 ° OEV W MIEF2
c Q % e 2>15
LSS 5 £2 =R [P
BRI 2 £ g 31009 i
x o H x o T 5 o
=4 o = ® £05
820 I l= 25 £ 8 I I I I I
€ 10544 £ ° 2 OIS S Q2
g o1 g o——L— 12 RIS
§ "o 20 40 60 80 & 0 20 40 60 80 S S LEL
Time (min) Time (min) s & & S
(o
_ OVCAR3 OVCAR3
23 3 . S|Ctrl si-MIEF2#1 si-MIEF2#2 § €
25 = N T NTTeTL | C £100; ——=—
B8 , —2 e, .5 1.2 . = 50 .
£ T 209 g 60
Eg ! 2506 > 40
<% o n 2 o3 £ 20
= S F £ o0 5 Og Ay
& R
N2 <Y K N
& )
SKOV3 SKOV3
= EV MIEF2 s =
=15 gt $ 1.0] —* £100] .
235 L = 08 £ 80
® 10 £E o6 g 60
£ 23 40
o 805 5204 2
Eo™ g 02 7 20
500 % & g O'OQ/A & & OQ/Q v
< © ¢ ©
E F G
OVCAR3 SKOV3 OVCAR3 SKOV3 OVCAR3 SKOV3
[0} Q *
2 15 . 2 20 = .15 . § C20] = E75 £75
e 8 2810 23 2310 c’? 3
= 505 =5 = 005 = 0 = _ £ -
® : ® 05 5 & 505 I72 72
T Ko ) (3 ool MM =T ol
o SN T 003 © S © 00T o TS T v
O 2 O B CE L P CE
¥ N " N Q\@ % S
s 5 & & &
H =) (=) o 9
OVCAR3 SKOV3
” Osictrl Osi-MIEF2#1 W si-MIEF2#2 0, [JEV B MIEF2
g 3 Glycolysis TCA cycle % 3 Glycolysis TCA cycle
22 T I -:12: 2
5 E
['4 0 o 0

S & LSS

P B B D
N
£
e
S
Xg;

’Z)

O 22 52 5@ 5@ <2 <@

W00 'b{b\'b,b’b
\}






OEBPS/images/13046_2020_1802_Fig2_HTML.png
§ OVCAR3 g ES2 OVCAR3 Es2
@ 2 N v N S
15 . 15
<< N <N *
W 127 —*— Z W 127 —= &Y & &Y &
L\u w ~ LY s~ LY
£S0¢ ES Q¢ S S
%503 2% 03 22 = 2 2 2
§ ool M § ool MM MeEr2 [— ]  wmEer2[— ]
& é\G‘K Qq?‘ Qf)ﬁ* & -%\C‘)‘& <<q§8 <<q§? B—actinIEI B-actin El
PN W
& & & & OVCAR3
OVCAR3 =
220 ~ siCtrl 2500 —=
£ 15 ]*]* = 8i-MIEF2#1 E :3188 —
g0 ~ Si-MIEF2#2 S
o 05 S 100
O
0.0 o
0123456 JO S
Time (Days) ®@ ®Q/
- ES2 & &
ES2 =
£ 20 - siCtrl 3 600 .
5 15 J]. - SHMIEF2#1 £ e ——
< 10 , ) simIEF2#2 Z 400
3 05 i £ 200
© 00 g o QN
N
oy (égﬁ* (gﬁ*
PP
OVCAR3 ES2
siCtrl__ si-MIEF2#1 si-MIEF2#2 & siCtrl__ si-MIEF2#1 StMIEF2#2 &
T L x [an 52 gy .
% 281901 == % 88 g £
£2 60 22 40
§ % o ) 3 § 20
3 g& % a g%
L 2 NN w 2 NI
B S B S
OVCAR3 il ES2
(| siCl SLMIEF2#1 SHMIEF2#2 & QSCHLo sictl  sHMIEF2#1 siMIEF2e2 . Dscn
8| (GI374%  \G157.1% (G1572% o % Ws-MIEF2#2 gl | G1430% | G1:592%  G1:57.2% g go WsiMIEF2#2
E| |S306% |S:200% |S:199% £ golmy . El |ss312% [s:227% s 204% £ 3
Z| JCEOOr  JGge0n JG2229% & Sl 2| loasen |cz181% |cz224% 8 s M =
fope o A | S— 2 15 i v U i "y i ol o
21 ~ ‘B 3%
Channels(FL3Lin-FL3LIN) & ~ &1 S G2M Channels(FL3 Lin-FL3 LIN) S %G1 s ez
G OVCAR3 ES2
s-MIEF2#1 si-MIEF2#2 & si-MIEF2#1 siMIEF2#2 &
; - 2 50 L |2 T i 2 50 /——
= ¥ . E
g 20 10— = 20
% 9 e 210
AnnexinV < S AnnexinV & o
W Kl





OEBPS/images/13046_2020_1802_Fig5_HTML.png
]
[oNoloNoNe)]
[oNoNoNoNe]
O<tTON —
JaquinN Auojod
[32]
>
o)
X
w
* [(e}
—
°g
(2] < ©
[m)
W Q 3M\
5 >= ~ g
w= =
[ -~
o
SON® O
N+—+—0O00O0O
Ajngein 1180
o
e,
(3] O\w
> 7,
m s
%) A%
N £
oS
S a
m
[s2]
S %
9 %
s 7
@ >

¢43IW 30
S|9A8] YNYHW dAlle|sy

<

>
w
I
% ©
rm 5\&
>
<t ©
TR Y=
T _ L ps
> = N e
w= =
[
o
LANOOMmO
“~ococoo
Ayngei 1180
e
Q//V\&\
u
T 13
o £
bog
s &
nV
> % Qow@
T 7
T >
LITON—O
Z43In o

S|9A8] YNHW dAle[ay

HEY
MIEF2

SKOV3
MIEF2

FuV
S

{

[cojolooNoNe)
O 0O AN
—

(%) sll9o snysod-na3
Jo abejusoiad

EV

nasg

OO0 0000
OO AN

(%) slleo ensod-nQ3
Jo abejusalad

nas

EV

Idva

%
>
Ol
X |
n|W
=

-

60

40

20
<

[

(%) @insopo

MIEF2

EV

=
o

Q&
D

A.V
%
L

0

punopA

K=
<
N

"
&

oocoooo
ODFTON—

(%) @inso|o

EV

uo

punopn

K=
<
N

HEY

SKOV3

N
* _H /V\/VV\Q
5
FEEE

pley Jad papeaul
S||99 1O JaquinN

MIEF2

EV

o

=

o O O

0 © I N
piay Jad papeaul
S||99 Jo JaquinN

MIEF2

EV

o

%
S





OEBPS/css/sidebar.gif





