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Abstract

:

(1) Background: The elevation of glucose metabolism is linked to high-grade gliomas such as glioblastoma multiforme (GBM). The high glycolytic phenotype is associated with cellular proliferation and resistance to treatment with chemotherapeutic agents in GBM. MicroRNA-542-3p (miR-542-3p) has been implicated in several tumors including gliomas. However, the role of miR-542-3p in glucose metabolism in human gliomas remains unclear; (2) Methods: We measured the levels of cellular proliferation in human glioma cells. We measured the glycolytic activity in miR-542-3p knockdown and over-expressed human glioma cells. We measured the levels of miR-542-3p and HK2 in glioma tissues from patients with low- and high-grade gliomas using imaging analysis; (3) Results: We show that knockdown of miR-542-3p significantly suppressed cellular proliferation in human glioma cells. Knockdown of miR-542-3p suppressed HK2-induced glycolytic activity in human glioma cells. Consistently, over-expression of miR-542-3p increased HK2-induced glycolytic activity in human glioma cells. The levels of miR-542-3p and HK2 were significantly elevated in glioma tissues of patients with high-grade gliomas relative to that in low-grade gliomas. The elevation of HK2 levels in patients with high-grade gliomas were positively correlated with the high levels of miR-542-3p in GBM and low-grade gliomas (LGG) based on the datasets from the Cancer Genome Atlas (TCGA) database. Moreover, the high levels of miR-542-3p were associated with poor survival rate in the TCGA database; (4) Conclusions: miR-542-3p contributes to the HK2-mediated high glycolytic phenotype in human glioma cells.
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1. Introduction


Glioma is a type of malignant brain tumor [1,2]. Based on the WHO brain tumor classification criteria, gliomas are divided into those with biologically benign features (grade I and II as low-grade glioma (LGG)) and those with diffusely infiltrating features (grade III and IV as high-grade glioma) by histological pathologic evaluation and genetic molecular patterns [3]. High-grade glioma including glioblastoma multiforme (GBM) is the most aggressive type of glioma [4]. High-grade glioma (grade III and IV) exhibits poor prognosis with a high recurrence rate [4,5].



In various types of cancer, glucose metabolism is important for the maintenance of cellular proliferation, growth, and homeostasis [6,7]. GBM also shows the activation of glucose metabolism as a main source of energy production including ATP [8]. As an important metabolic pathway, glycolysis is critical for energy metabolism, cellular proliferation, and survival [9]. The elevation of glycolysis has been linked to high-grade glioma such as GBM [9,10]. In the glycolysis pathway, hexokinase (HK) is the first key enzyme [11]. HK phosphorylates glucose to produce glucose-6-phosphate (G6P) [8]. HK has a role in the initiation of glucose utilization and glucose-mediated cellular metabolisms [12]. There are four highly homologous hexokinase isoforms (HK1, HK2, HK3, and HK4 (also known as glucokinase)) in mammalian cells [13]. As a key enzyme in the glycolysis pathway, HK2 enhances the growth of tumors in GBM [8]. In the final step of the glycolysis pathway, lactate dehydrogenase (LDH) produces lactate through the conversion of pyruvate to lactate [14,15,16]. In mammalian cells, LDH is composed of four subunits. LDHA (the M subunit of LDH as a muscle type) and LDHB (the H subunit of LDH as a heart type) have the same active sites and amino acids, which participate in the enzyme reaction [16,17]. However, the mechanism for the regulation of the HK2-dependent high glycolytic phenotype in high-grade glioma is still unclear.



MicroRNAs (miRNAs) are small single-stranded non-coding RNAs [18,19]. miRNAs have a role in RNA silencing and post-transcriptional regulation of target gene expression by base-pairing with partially or fully complementary sequences [18,19]. miRNAs can affect various biological processes including cell proliferation, cell survival, differentiation, and cellular metabolism [20,21]. In cancer, various miRNAs play a role as tumor suppressors or oncogenes [20,21]. Among various miRNAs, the role of miR-542-3p has been implicated in various tumors including astrocytoma, neuroblastoma, breast cancer, and colorectal cancer [22,23,24,25,26]. However, the role of miR-542-3p in the high glycolytic phenotype in high-grade glioma remains unclear.



Here, we show that the knockdown of miR-542-3p suppressed cellular proliferation in human glioma cells. Knockdown of miR-542-3p suppressed HK2-mediated glycolytic activity via the reduction of HK2 expression. Consistently, the over-expression of miR-542-3p increased HK2-mediated glycolytic activity. The levels of miR-542-3p and HK2 were significantly elevated in glioma tissues of patients with high-grade gliomas compared to those with low-grade gliomas. The levels of the HK2 gene were positively correlated with the high levels of miR-542-3p in the GBM and LGG datasets from the Cancer Genome Atlas (TCGA) database. Moreover, the high levels of miR-542-3p were associated with poor prognosis in patients with gliomas using analysis of the TCGA database. Our results suggest that miR-542-3p contributes to the HK2-mediated high glycolytic phenotype in human glioma cells.




2. Materials and Methods


2.1. Human Study


This human subject study was performed in accordance with the Helsinki Declaration. The human study protocol was reviewed and approved by the Institutional Review Board (IRB) of Soonchunhyang University Hospital Cheonan (IRB number: SCHCA 2020-03-030-001) and Bundang CHA medical center (IRB number: 2016-04-012). All the patients provided written informed consent before entry into the study. The current human study included patients with low-grade gliomas (grade I, n = 2/grade II, n = 3) and high-grade gliomas (grade III, n = 3/grade IV, n = 3) (Supplemental Table S1).




2.2. Reagents


The immunoblot analysis was conducted with the following primary antibodies: monoclonal rabbit anti-HK2 antibody (#2024, Cell Signaling Technology, Danvers, MA, USA), monoclonal rabbit anti-LDH-A antibody (#3582, Cell Signaling Technology, Danvers, MA, USA), monoclonal rabbit anti-PFKP antibody (#8164, Cell Signaling Technology, Danvers, MA, USA), monoclonal rabbit anti-PKM2 antibody (#4053, Cell Signaling Technology, Danvers, MA, USA), and monoclonal mouse anti-β-actin (A5316, Sigma-Aldrich, St. Louis, MO, USA). For nuclear staining and mounting in immunofluorescence analysis, tissue slides were processed with Fluoroshield™ with DAPI (F6057, Sigma-Aldrich, St. Louis, MO, USA). For mounting in the immunohistochemistry analysis, tissues were mounted onto gelatin-coated slides and were processed with Canada Balsam (Wako, Tokyo, Japan) following the dehydration of sections.




2.3. Human Glioma Cells


Human glioma U87MG cells (ATCC® HTB-14™, ATCC, Manassas, VA, USA) were used. For the experiments with U87MG cells, U87MG cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (11995065, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% (v/v) fetal bovine serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin (A1261301, Thermo Fisher Scientific, Waltham, MA, USA). In the initial step of transfection experiments, the efficiency of transfection was validated in U87MG cells treated with GFP-expressing plasmid (pCMV6-AC-GFAP mammalian expression vector, Cat. No. PS100010, Origene, Rockville, MD, USA) as a positive control for transfection using lipofectamine LTX with Plus reagent (15338100, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. In addition, the effects of transfection reagents were identified in U87MG cells treated with only lipofectamine LTX with Plus reagent (15338100, Thermo Fisher Scientific, Waltham, MA, USA) as a mock control. The transfection reagents had no apparent effect in U87MG cells. In the experiments for the overexpression of human miR-542-3p, U87MG cells were seeded (2 × 105 cells/6-well cell culture plates) and transfected with microRNA hsa-miR-542-3p (ugugacagauugauaacugaaa) (Dharmacon, Lafayette, CO, USA) or miRIDIAN microRNA mimic negative control #1 (Cat.no. CN-001000-01-20, Dharmacon) using lipofectamine LTX with Plus reagent (15338100, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The effects of human miR-542-3p overexpression were analyzed at 24 h after transfection of 10 nM mimic or negative control in U87MG cells. For knockdown of human miR-542-3p, U87MG cells were seeded (2 × 105 cells/6-well cell culture plates) and transfected with miRIDIAN microRNA human hsa-miR-542-3p-hairpin inhibitor (Cat.no. IH-300866-05-0005, Dharmacon, Lafayette, CO, USA) or miRIDIAN microRNA hairpin inhibitor negative control (Cat.no. IN-001005-01-20, Dharmacon) using Lipofectamine LTX with Plus reagent (15338100, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The effects of human miR-542-3p knockdown were analyzed at 24 h after transfection of 10 nM mimic or negative control in U87MG cells. miRIDIAN microRNA hairpin inhibitor negative control had no apparent effect on the levels of HK2 in U87MG cells. Cellular morphology and the lengths of the cell bodies were analyzed by EVOS M5000 Imaging System according to the manufacturer’s instructions. (Thermo Fisher Scientific, Waltham, MA, USA).




2.4. 2 D and 3D Immunofluorescence and Morphology Analysis


In the immunofluorescence analysis with tissues, brain tissues with a thickness of 4 μm were sectioned and processed from paraffin embedded tissue blocks. After the deparaffinization, tissue slides were permeabilized in 0.5% Triton-X (T8787, Sigma-Aldrich, St Louis, MO, USA) at 25 °C for 10 min. Tissue slides were blocked with CAS-Block™ Histochemical Reagent (008120, Thermo Fisher Scientifi, Waltham, MA, USA). Next, tissue slides were incubated with primary antibody using monoclonal rabbit anti-HK2 antibody (#2024, Cell Signaling Technology, Danvers, MA, USA) (1:100) at 4 °C for 16 h. After the washing steps, tissue slides were incubated with secondary antibody using goat anti-rabbit IgG (H + L) Alexa Fluor 488 (A11008, Thermo Fisher Scientific, Waltham, MA, USA) (1:100) at 25 °C for 2 h. For nuclear staining, tissue slides were processed with Fluoroshield™ with DAPI (F6057, Sigma-Aldrich, St Louis, MO, USA). Two-dimensional and 3D immunofluorescence image analysis was conducted with THUNDER Imager Tissue (Leica Microsystems Ltd., Wetzlar, Germany). Two-dimensional and 3D immunofluorescence images from stained tissue slides were analyzed and quantified by LAS X image-processing software (Leica Microsystems Ltd., Wetzlar, Germany) and ImageJ software v1.52a (Bethesda, MD, USA). To ensure objectivity, all analyses were conducted with blinded conditions by two observers who performed analyses using identical conditions per experiment. For cellular morphologic analysis, cells were analyzed by EVOS M5000 Imaging System (Thermo Fisher Scientific, Waltham, MA, USA). The images were quantified by ImageJ software v1.52a (Bethesda, MD, USA).




2.5. In Situ Hybridization for Human miR-542-3p


Custom designed probes for human hsa-miR-542-3p were obtained from hsa-miR-542-3p miRCURY LNA miRNA detection probe (Product No. 339111, Cat. No. YD00612610-BCD, QIAGEN, Hilden, Germany) following the manufacturer’s instructions (miRCURY LNA miRNA Detection probes Handbook). Briefly, hybridization was conducted by a protocol of miRCURY LNA miRNA ISH buffer and controls (Cat No./ID: 339459, QIAGEN, Hilden, Germany). Hybridization was performed with an miRNA in situ hybridization probe (12.5 nM) at 25 °C for 1 h. Tissue sections were washed with 1 × PBS followed by the hybridization step. Signal amplification was performed by the branched DNA technology with a series of sequential hybridization and washing steps. After hybridization, tissue slides were incubated with blocking solution at 25 °C for 15 min. After incubation with Anti-DIG reagent at 25 °C for 15 min, sections were treated with an alkaline-phosphatase (AP)-labeled probe at 30 °C for 2 h and then an AP enhancer at 25 °C for 5 min. Slides were incubated with KTBT buffer at 25 °C for 5 min. Fast red nuclear substrate stainings were conducted at 40 °C for 30 min. After the stained tissue slides were fixed, they were mounted using Eukitt® Quick-hardening mounting medium (03989, Sigma-Aldrich, St Louis, MO, USA). Stained tissue slides were observed and analyzed with an Olympus BX53M microscope. The images were analyzed and quantified by Olympus Stream software and ImageJ software v1.52a (Bethesda, MD, USA).




2.6. Immunoblot Analysis


After the collection of cells, cells were lysed with NP40 Cell Lysis Buffer (FNN0021, Thermo Fisher Scientific, Waltham, MA, USA). Lysates from cells were centrifuged at 15,300× g at 4 °C for 10 min. The proteins in the supernatants were isolated. For the measurement of protein concentrations, a Bradford assay kit (500-0006, Bio-Rad Laboratories, Hercules, CA, USA) was used. The proteins were electrophoresed on NuPAGE 4–12% Bis-Tris gels (Thermo Fisher Scientific, Waltham, MA, USA). For the incubation step of the primary antibody, the separated proteins in gels were transferred to Protran nitrocellulose membranes (10600001, GE Healthcare Life science, Pittsburgh, PA, USA). After washing the membranes with TBS-T (TBS (170-6435, Bio-Rad Laboratories) and 1% (v/v) Tween-20 (170-6531, Bio-Rad Laboratories) at 25 °C for 5 min, the membranes were incubated with the blocking buffer using 5% (w/v) bovine serum albumin (BSA) (9048-46-8, Santa Cruz Biotechnology, Dallas, TX, USA) in TBS-T at 25 °C for 30 min. After the washing steps for the membranes with TBS-T, the membranes were incubated with primary antibody (1:1000) diluted in 1% (w/v) BSA in TBS-T at 4 °C for 16 h. After the incubation with the primary antibody, membranes were incubated with the secondary antibody using the horseradish peroxidase (HRP)-conjugated goat anti–rabbit IgG–HRP (sc-2004) (1:2500) (Santa Cruz Biotechnology) and the horseradish peroxidase (HRP)-conjugated goat anti–mouse IgG–HRP (sc-2005) (1:2500) (Santa Cruz Biotechnology, Dallas, TX, USA) diluted in TBS-T at 25 °C for 1 h. After all steps, the specific immunoreactive bands were detected by SuperSignal West pico chemiluminescent substrate (34078, Thermo Scientific, Waltham, MA, USA).




2.7. Glycolysis Activity Assay


For the glycolytic activity assay, human glioma U87MG cells were seeded and cultured in XF96e cell culture microplates (101085-004, Agilent Technologies, Inc., Santa Clara, CA, USA). U87MG cells (5 × 104 cells/well) were used in the experiments of miR-542-3p knockdown. In the experiments of miR-542-3p overexpression, U87MG cells (2.5 × 104 cells/well) were used. For the measurement of glycolytic flux and activity, the ECAR levels were analyzed by a Seahorse XF96e bioanalyzer using the XF glycolysis stress test kit (102194-100, Agilent Technologies, Inc., Santa Clara, CA, USA) following the manufacturer’s instructions. The ECAR levels were monitored in a time-dependent manner. The ECAR levels were measured in U87MG cells treated with glucose (10 mM), oligomycin (2 μM), and 2-deoxyglucose (2DG) (10 mM), respectively.




2.8. Cell Proliferation Assay


The cellular proliferation assay was conducted with human glioma cells (2 × 104 cells/well in 96-well cell culture plates) in time-dependent manner. The levels of cellular proliferation were measured by an MTS assay kit (ab197010, Abcam, Cambridge, UK) using a colorimetric method using absorbance at 490 nm for the sensitive quantification of viable cells according to the manufacturer’s instructions.




2.9. Analysis of the TCGA Dataset


We downloaded RNA-seq and survival data of lower grade glioma (LGG) and glioblastoma (GBM) from the Xena TCGA database (https://xenabrowser.net/, accessed date: From 11 December 2020 to 15 December 2020). In total, 689 patients participated in this study. Among the data, there were grade II, III patients (n = 25,5269) and grade IV patients (n = 169). Expression values of genes were transformed to a 0–1 standard scale and merged with survival and pathological grade data. The survival data showed overall survival time and events. This process was performed by Python 2.7.




2.10. Statistical Analysis


In the statistical analyses of the experiments, both the assumptions of normality and homogeneity of variance were evaluated. For normal distribution, a Shapiro–Wilk test was performed. For the homogeneity of variance, Levene’s test was conducted. Data were random, independent, and normally distributed. Data had a common variance. All data are presented as mean ± standard deviation (SD) or standard error of the mean (SEM). For the comparison of two groups, statistical analysis was evaluated by a two-tailed Student’s t-test. For the comparison of multiple groups, statistical analysis was evaluated by analysis of variance (ANOVA) (with post hoc comparisons using Dunnett’s test) using a statistical software package (GraphPad Prism version 8.0, GraphPad Software Inc., San Diego, CA, USA). To determine statistically different of gene expression between each neoplasm histologic grade, one-sided and two-sided t-tests or Wilcoxon tests were performed on the TCGA and NanoString datasets, respectively. Pearson’s correlation analysis was used for evaluating the association of expression between two genes. Linear regression was performed to confirm the relationship between miR-542-3p and HK2 expression level. Kaplan–Meier estimation and Cox-regression analysis were performed to analyze the prognosis of genes with overall survival data. Concordance index was calculated to provide accuracy with survival proportion. Kaplan–Meier estimation was performed to analyze prognosis of genes with overall survival data. All statistical analyses were calculated by R studio (Version: 1.1.456). p values *, p < 0.05, **, p < 0.01, and *** p < 0.001 were considered statistically significant.





3. Results


3.1. Knockdown of miR-542-3p Suppresses Cellular Proliferation in Human Glioma Cells


We investigated the role of miR-542-3p in human glioma. We examined whether the knockdown of miR-542-3p could suppress cellular proliferation in human glioma cells. We first analyzed the morphologic changes by miR-542-3p knockdown in human glioma cells. Knockdown of miR-542-3p (miR-542-3p KO) resulted in the reduction of cell body size and the condensation of cells compared to that in cells treated with microRNA hairpin inhibitor negative control (Control) (Figure 1A). The length of the cell body was significantly decreased by miR-542-3p knockdown relative to that in control (Figure 1B). Since miR-542-3p knockdown affected the cellular growth of human glioma cells, we investigated whether miR-542-3p knockdown could regulate the cellular proliferation in human glioma cells. Notably, knockdown of miR-542-3p significantly suppressed the cellular proliferation in a time-dependent manner compared to that in control (Figure 1C). These results suggest the knockdown of miR-542-3p suppresses cellular proliferation in human glioma cells.




3.2. miR-542-3p Regulates the HK2-Mediated High Glycolytic Phenotype in Human Glioma Cells


Next, we investigated the mechanisms by which miR-542-3p regulates cellular proliferation in glioma. Since the high-glycolytic phenotype is linked to cellular proliferation, we examined whether the knockdown of miR-542-3p could regulate the high glycolytic phenotype in human glioma cells. First, we analyzed the effects of miR-542-3p knockdown on the glycolytic activity in human glioma cells by the measurement of the extracellular acidification rate (ECAR) as a parameter of glycolytic activity (Figure 2A). The glycolytic activity was measured by the sequential treatment of glucose, oligomycin (a selective inhibitor for mitochondrial respiration), and 2-deoxyglucose (2-DG) (a specific inhibitor of glycolysis). The knockdown of miR-542-3p (miR-542-3p) significantly reduced the levels of ECAR compared to that in cells treated with microRNA hairpin inhibitor negative control (Control) (Figure 2A). Notably, the knockdown of miR-542-3p significantly suppressed the levels of ECAR in response to glucose relative to that in control (Figure 2A). In addition, the levels of ECAR in response to oligomycin were reduced by the knockdown of miR-542-3p compared to that in control (Figure 2A). Next, we investigated the molecular target of miR-542-3p in the regulation of glycolytic activity in human glioma cells. We examined whether miR-542-3p could regulate the expression of glycolytic enzymes in the glycolysis pathway in human glioma cells (Figure 2B). Similarly to the levels of ECAR, the knockdown of miR-542-3p significantly reduced the protein levels of HK2 compared to control (Figure 2B). In addition, the knockdown of miR-542-3p decreased the protein levels of LDH-A relative to that of control (Figure 2B). In contrast, the protein levels of other glycolytic enzymes such as phosphofructokinase (PFKP) and pyruvate kinase isozymes M2 (PKM2) were unchanged by miR-542-3p knockdown (Figure 2B). Consistently, over-expression of miR-542-3p (miR-542-3p KO) significantly increased the glycolytic activity in response to glucose compared to that in control (Control) (Figure 2C). Moreover, over-expression of miR-542-3p increased the protein levels of HK2 and LDH-A relative to that in cells treated with microRNA mimic negative control (Control) (Figure 2D). The protein levels of other glycolytic enzymes including PFKP and PKM2 were not changed by the over-expression of miR-542-3p (Figure 2D). These results suggest that miR-542-3p regulates the HK2-mediated high glycolytic phenotype in human glioma cells.




3.3. The Levels of miR-542-3p Were Elevated in Patients with High-Grade Gliomas


Next, we investigated whether the levels of miR-542-3p were elevated in patients with gliomas. We analyzed the levels of miR-542-3p in the glioma tissues from patients with low- and high-grade gliomas. To evaluate the levels of miR-542-3p in glioma cells, we measured the levels of miR-542-3p in glioma tissues from patients with low- and high-grade gliomas using in situ hybridization of miR-542-3p (Figure 3A). ISH analysis revealed that the intensity of miR-542-3p-positive staining was significantly elevated in patients with high-grade gliomas (grade III and IV) compared to that in patients with low-grade gliomas (grade I and II) (Figure 3A,B). Next, we investigated the role of miR-542-3p in the prognosis of patients with gliomas. We examined the correlation between the levels of miR-542-3p and the survival rate of patients with gliomas. We performed the Kaplan–Meier estimation test and Cox-regression analysis of patients with low and high levels of miR-542-3p using the datasets from The Cancer Genome Atlas (TCGA) (Figure 3C). The high levels of miR-542-3p were associated with poor survival rate in the GBM and LGG datasets from the TCGA by median survival rate with log-rank test (Log-rank p = 0.0037, Cox-regression p = 0.004, hazard ratio: 1.7 (Confidence interval: 1.18–2.43), and C-index with Cox-regression analysis: 0.6 (standard error: 0.02)) (Figure 3C). These results suggest that the levels of miR-542-3p were elevated and were associated with poor survival rates in patients with gliomas.




3.4. The Levels of HK2 Were Elevated and Positively Correlated with the Levels of miR-542-3p in Patients with Glioma


We next investigated whether miR-542-3p could regulate the levels of HK2 in patients with gliomas. We first analyzed the protein levels of HK2 in patients with low- and high-grade gliomas. Immunofluorescence staining showed the protein levels of HK2 were elevated in glioma tissues of patients with high-grade gliomas (G3 and G4) compared to that of patients with low-grade gliomas (G1 and G2) (Figure 4A). The intensity of HK2-positive staining was elevated in tumor tissues of patients with high-grade gliomas (G3 and G4) relative to that in patients with low-grade gliomas (G1 and G2) (Figure 4B). Moreover, the number of cells with HK2 positive staining was significantly increased in patients with high-grade gliomas (G3 and G4) relative to that in patients with low-grade gliomas (G1 and G2) (Figure 4C). Next, we investigated the correlation between the levels of the HK2 gene and miR-542-3p levels in patient with gliomas. There was a weak positive-correlation between miR-542-3p and HK2 levels in the analysis of the GBM and LGG datasets from the TCGA (Figure 4D). These results suggest that the levels of HK2 were elevated and were positively correlated with the levels of miR-542-3p in patients with gliomas.





4. Discussion


Our results demonstrate that miR-542-3p contributes to the HK2-mediated high glycolytic phenotype in human glioma cells. We suggest that miR-542-3p regulates HK2-mediated high glycolytic activity. Knockdown of miR-542-3p suppresses cellular proliferation. Moreover, the levels of miR-542-3p and HK2 are elevated in patients with gliomas. The levels of miR-542-3p were positively correlated with the levels of HK in the TCGA. The high levels of miR-542-3p contribute to poor prognosis in patients with gliomas. Our findings suggest that miR-542-3p regulates the high glycolytic phenotype via HK2-mediated glycolysis in gliomas.



The high glycolytic phenotype is a critical metabolic phenotype in high-grade glioma such as GBM [27,28,29]. Expression of genes such as HK2 in the glycolysis pathway is essential for the growth of GBM [30]. In particular, the expression of HK2 is higher in the proliferating and apoptosis-resistant regions of GBM than it is in the invading peripheral region [8]. The elevation of HK2 was also found in the most common malignant brain tumors [31]. High levels of glycolysis have been associated with cancer cell proliferation and cellular signaling and functions [32]. Glycolysis produces biosynthetic materials to support cellular proliferation [33]. Consistent with previous study, our results showed that the levels of HK2 were elevated in glioma tissues from patients with high-grade gliomas. The elevation of HK2 increased the glycolytic activity in response to glucose in human glioma cells. Our results suggest that high levels of HK2 are important for the high glycolytic phenotype of glioma cells in high-grade glioma.



Glycolytic activity is regulated by the expression or the enzyme activity of glycolytic enzymes in the glycolytic pathway. During the initiation and progression of tumors, various transcription factors and miRNAs contribute to the regulation of HK2 expression [34,35]. In previous study, hypoxia-inducible factor-1α (HIF-1α) was associated with the regulation of HK2 expression [36,37]. The AKT signaling pathway regulates the transcription of the HK2 gene. The inhibition of PI3K, an upstream kinase of AKT, and mTORC1, a downstream kinase of AKT, suppresses the expression levels of HK2 [38,39,40,41,42,43,44,45]. In addition, miRNAs regulate the expression of HK2 in cancer cells [46]. miR-155 induces HK2 by transcriptional activation by the signal transducer and activator of transcription 3 (STAT3) as a transcriptional activator or post-transcriptional regulation via repression of miR-143a as a negative regulator of HK2 in human breast cancer cells [46]. Based on these previous studies, STAT3 or miR-143a might be a molecular target in the regulation of HK2 expression in human glioma cells.



Consistent with previous studies, we showed that miR-542-3p promotes the expression of HK2 and HK2-dependent high glycolytic activity in human glioma cells. In addition, the inhibition of miR-542-3p suppressed cellular proliferation in human glioma cells. Our results suggest that miR-542-3p plays an oncogenesis role through the regulation of glycolytic activity in gliomas. Although our results showed a role of miRNAs as an oncogene, previous studies suggested that miRNAs including miR-125a and miR-143 play a tumor suppressor role through inhibition of glucose metabolism in several types of tumors [46,47]. miR-125a and miR-143 negatively regulate the levels of HK2 in hepatocellular carcinoma cells (HCC) and breast cancer cells. Since miRNAs could regulate various target genes in multiple tumor microenvironment conditions, further study is needed on the regulation and role of miR-542-3p in other types of cancer cells such as HCC and breast cancer cells.



Because GBM is the most common malignant high-grade glioma, early diagnosis of GBM is the most effective approach for better patient outcomes [48,49,50,51]. Recent studies showed that different levels of miRNAs were found in brain tissues and peripheral blood from patients with GBM [52]. Since some highly stable miRNAs circulate in the cerebrospinal fluid (CSF) and blood in patients [48,49,50,51,52], miRNAs might be novel diagnostic markers for patients with gliomas. In our study, we showed the elevation of miR-542-3p in tumor tissues of patients with high-grade gliomas. Moreover, we showed the levels of miR-542-3p positively correlated with HK2 levels in analysis of the GBM and LGG datasets from the TCGA. Since high levels of HK2 lead to the high glycolytic phenotype in GBM, the quantification of miR-542-3p levels could be a prognosis marker for the high glycolysis metabolic phenotype of high-grade gliomas, including GBM. Since our study found the elevation of miR-542-3p levels in tumor tissues of patients with gliomas, further study for the quantification of miR-542-3p levels in the blood and CSF in patients with gliomas would need to be studied.



Here, we suggest that miR-542-3p might be a critical factor for the high glycolytic phenotype in glioma. We also suggest the potential role of miR-542-3p as a metabolic alteration regulator in glioma.




5. Conclusions


Our findings suggest that miR-542-3p contributes to the HK2-mediated high glycolytic phenotype in human glioma cells. In addition, our results suggest that miR-542-3p is associated with poor prognosis in patients with gliomas. Conclusively, our findings suggest that miR-542-3p might be a critical molecule for the HK2-mediated high glycolytic phenotype in glioma.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/genes12050633/s1, Supplemental Table S1: Information for patients with glioma.





Author Contributions


J.K., M.W.P., J.L. and J.-S.M. conceived the study. J.K. and M.W.P. contributed to all experiments in this study. J.K., M.W.P., J.H., J.M.S., J.H.J., J.W.A., S.K. and M.L. conducted analysis for IF images and IH images. Y.J.P. conducted gene expression analysis. M.W.P. and J.K. performed glycolytic activity and immune blot analysis. M.L., J.L. and J.-S.M. contributed to interpretation of results and data acquisition. J.K., M.W.P., J.L. and J.-S.M. wrote and revised the paper. J.L. and J.-S.M. supervised the entire project. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea (NRF) grant (NRF-2021R1A2C4002421 to M.L., NRF-2018R1C1B5086460 to J.L., NRF-2021R1C1C1007810 and NRF-2019M3E5D1A02069071 to J.-S.M.) and the Soonchunhyang University Research Fund.




Institutional Review Board Statement


The human subject study was performed in accordance with the the Helsinki Declaration. The protocol was reviewed and approved by the Institutional Review Board of Soonchunhyang University Hospital Cheonan (IRB number: SCHCA 2020-03-030-001) and Bundang CHA medical center (IRB number: 2016-04-012). All patients provided written informed consent before enrollment.




Informed Consent Statement


All patients provided written informed consent before enrollment.




Data Availability Statement


Not acceptable.




Acknowledgments


We thank Hyeon Woo Cha for assistance with all the experiments.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ilkhanizadeh, S.; Lau, J.; Huang, M.; Foster, D.J.; Wong, R.; Frantz, A.; Wang, S.; Weiss, W.A.; Persson, A.I. Glial progenitors as targets for transformation in glioma. Adv. Cancer Res. 2014, 121, 1–65. [Google Scholar] [CrossRef] [PubMed]

	



Weller, M.; Wick, W.; Aldape, K.; Brada, M.; Berger, M.; Pfister, S.M.; Nishikawa, R.; Rosenthal, M.; Wen, P.Y.; Stupp, R.; et al. Glioma. Nat. Rev. Dis. Primers 2015, 1, 15017. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Jiang, T. Understanding high grade glioma: Molecular mechanism, therapy and comprehensive management. Cancer Lett. 2013, 331, 139–146. [Google Scholar] [CrossRef] [PubMed]

	



Bleeker, F.E.; Molenaar, R.J.; Leenstra, S. Recent advances in the molecular understanding of glioblastoma. J. Neurooncol. 2012, 108, 11–27. [Google Scholar] [CrossRef]

	



Hanif, F.; Muzaffar, K.; Perveen, K.; Malhi, S.M.; Simjee Sh, U. Glioblastoma Multiforme: A Review of its Epidemiology and Pathogenesis through Clinical Presentation and Treatment. Asian Pac. J. Cancer Prev. 2017, 18, 3–9. [Google Scholar] [CrossRef]

	



Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [Google Scholar] [CrossRef]

	



Jang, M.; Kim, S.S.; Lee, J. Cancer cell metabolism: Implications for therapeutic targets. Exp. Mol. Med. 2013, 45, e45. [Google Scholar] [CrossRef]

	



Wolf, A.; Agnihotri, S.; Micallef, J.; Mukherjee, J.; Sabha, N.; Cairns, R.; Hawkins, C.; Guha, A. Hexokinase 2 is a key mediator of aerobic glycolysis and promotes tumor growth in human glioblastoma multiforme. J. Exp. Med. 2011, 208, 313–326. [Google Scholar] [CrossRef]

	



Oudard, S.; Arvelo, F.; Miccoli, L.; Apiou, F.; Dutrillaux, A.M.; Poisson, M.; Dutrillaux, B.; Poupon, M.F. High glycolysis in gliomas despite low hexokinase transcription and activity correlated to chromosome 10 loss. Br. J. Cancer 1996, 74, 839–845. [Google Scholar] [CrossRef]

	



Tabatabaei, P.; Bergstrom, P.; Henriksson, R.; Bergenheim, A.T. Glucose metabolites, glutamate and glycerol in malignant glioma tumours during radiotherapy. J. Neurooncol. 2008, 90, 35–39. [Google Scholar] [CrossRef]

	



Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. Hexokinase II: Cancer’s double-edged sword acting as both facilitator and gatekeeper of malignancy when bound to mitochondria. Oncogene 2006, 25, 4777–4786. [Google Scholar] [CrossRef] [PubMed]

	



Patra, K.C.; Wang, Q.; Bhaskar, P.T.; Miller, L.; Wang, Z.; Wheaton, W.; Chandel, N.; Laakso, M.; Muller, W.J.; Allen, E.L.; et al. Hexokinase 2 is required for tumor initiation and maintenance and its systemic deletion is therapeutic in mouse models of cancer. Cancer Cell 2013, 24, 213–228. [Google Scholar] [CrossRef] [PubMed]

	



Robey, R.B.; Hay, N. Mitochondrial hexokinases, novel mediators of the antiapoptotic effects of growth factors and Akt. Oncogene 2006, 25, 4683–4696. [Google Scholar] [CrossRef] [PubMed]

	



Allison, S.J.; Knight, J.R.; Granchi, C.; Rani, R.; Minutolo, F.; Milner, J.; Phillips, R.M. Identification of LDH-A as a therapeutic target for cancer cell killing via (i) p53/NAD(H)-dependent and (ii) p53-independent pathways. Oncogenesis 2014, 3, e102. [Google Scholar] [CrossRef] [PubMed]

	



Arseneault, R.; Chien, A.; Newington, J.T.; Rappon, T.; Harris, R.; Cumming, R.C. Attenuation of LDHA expression in cancer cells leads to redox-dependent alterations in cytoskeletal structure and cell migration. Cancer Lett. 2013, 338, 255–266. [Google Scholar] [CrossRef]

	



Valvona, C.J.; Fillmore, H.L.; Nunn, P.B.; Pilkington, G.J. The Regulation and Function of Lactate Dehydrogenase A: Therapeutic Potential in Brain Tumor. Brain Pathol. 2016, 26, 3–17. [Google Scholar] [CrossRef]

	



Read, J.A.; Winter, V.J.; Eszes, C.M.; Sessions, R.B.; Brady, R.L. Structural basis for altered activity of M- and H-isozyme forms of human lactate dehydrogenase. Proteins 2001, 43, 175–185. [Google Scholar] [CrossRef]

	



Kureel, J.; Dixit, M.; Tyagi, A.M.; Mansoori, M.N.; Srivastava, K.; Raghuvanshi, A.; Maurya, R.; Trivedi, R.; Goel, A.; Singh, D. miR-542-3p suppresses osteoblast cell proliferation and differentiation, targets BMP-7 signaling and inhibits bone formation. Cell Death Dis. 2014, 5, e1050. [Google Scholar] [CrossRef]

	



Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20–51. [Google Scholar] [CrossRef]

	



Bartel, D.P.; Chen, C.Z. Micromanagers of gene expression: The potentially widespread influence of metazoan microRNAs. Nat. Rev. Genet. 2004, 5, 396–400. [Google Scholar] [CrossRef]

	



Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.; Mak, R.H.; Ferrando, A.A.; et al. MicroRNA expression profiles classify human cancers. Nature 2005, 435, 834–838. [Google Scholar] [CrossRef]

	



Cai, J.; Zhao, J.; Zhang, N.; Xu, X.; Li, R.; Yi, Y.; Fang, L.; Zhang, L.; Li, M.; Wu, J.; et al. MicroRNA-542-3p Suppresses Tumor Cell Invasion via Targeting AKT Pathway in Human Astrocytoma. J. Biol. Chem. 2015, 290, 24678–24688. [Google Scholar] [CrossRef] [PubMed]

	



Althoff, K.; Lindner, S.; Odersky, A.; Mestdagh, P.; Beckers, A.; Karczewski, S.; Molenaar, J.J.; Bohrer, A.; Knauer, S.; Speleman, F.; et al. miR-542-3p exerts tumor suppressive functions in neuroblastoma by downregulating Survivin. Int. J. Cancer 2015, 136, 1308–1320. [Google Scholar] [CrossRef]

	



Wu, H.X.; Wang, G.M.; Lu, X.; Zhang, L. miR-542-3p targets sphingosine-1-phosphate receptor 1 and regulates cell proliferation and invasion of breast cancer cells. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 108–114. [Google Scholar] [PubMed]

	



Long, H.C.; Gao, X.; Lei, C.J.; Zhu, B.; Li, L.; Zeng, C.; Huang, J.B.; Feng, J.R. miR-542-3p inhibits the growth and invasion of colorectal cancer cells through targeted regulation of cortactin. Int. J. Mol. Med. 2016, 37, 1112–1118. [Google Scholar] [CrossRef] [PubMed]

	



Oneyama, C.; Morii, E.; Okuzaki, D.; Takahashi, Y.; Ikeda, J.; Wakabayashi, N.; Akamatsu, H.; Tsujimoto, M.; Nishida, T.; Aozasa, K.; et al. MicroRNA-mediated upregulation of integrin-linked kinase promotes Src-induced tumor progression. Oncogene 2012, 31, 1623–1635. [Google Scholar] [CrossRef]

	



Padma, M.V.; Said, S.; Jacobs, M.; Hwang, D.R.; Dunigan, K.; Satter, M.; Christian, B.; Ruppert, J.; Bernstein, T.; Kraus, G.; et al. Prediction of pathology and survival by FDG PET in gliomas. J. Neurooncol. 2003, 64, 227–237. [Google Scholar] [CrossRef] [PubMed]

	



Di Chiro, G.; DeLaPaz, R.L.; Brooks, R.A.; Sokoloff, L.; Kornblith, P.L.; Smith, B.H.; Patronas, N.J.; Kufta, C.V.; Kessler, R.M.; Johnston, G.S.; et al. Glucose utilization of cerebral gliomas measured by [18F] fluorodeoxyglucose and positron emission tomography. Neurology 1982, 32, 1323–1329. [Google Scholar] [CrossRef]

	



Bi, J.; Chowdhry, S.; Wu, S.; Zhang, W.; Masui, K.; Mischel, P.S. Altered cellular metabolism in gliomas—An emerging landscape of actionable co-dependency targets. Nat. Rev. Cancer 2020, 20, 57–70. [Google Scholar] [CrossRef]

	



Sanzey, M.; Abdul Rahim, S.A.; Oudin, A.; Dirkse, A.; Kaoma, T.; Vallar, L.; Herold-Mende, C.; Bjerkvig, R.; Golebiewska, A.; Niclou, S.P. Comprehensive analysis of glycolytic enzymes as therapeutic targets in the treatment of glioblastoma. PLoS ONE 2015, 10, e0123544. [Google Scholar] [CrossRef]

	



Liu, Y.; Wu, K.; Shi, L.; Xiang, F.; Tao, K.; Wang, G. Prognostic Significance of the Metabolic Marker Hexokinase-2 in Various Solid Tumors: A Meta-Analysis. PLoS ONE 2016, 11, e0166230. [Google Scholar] [CrossRef] [PubMed]

	



Jones, W.; Bianchi, K. Aerobic glycolysis: Beyond proliferation. Front. Immunol. 2015, 6, 227. [Google Scholar] [CrossRef] [PubMed]

	



Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell proliferation. Science 2009, 324, 1029–1033. [Google Scholar] [CrossRef] [PubMed]

	



Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. Hexokinase-2 bound to mitochondria: Cancer’s stygian link to the “Warburg Effect” and a pivotal target for effective therapy. Semin. Cancer Biol. 2009, 19, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Zhang, L.F.; Zhang, H.W.; Hu, S.; Lu, M.H.; Liang, S.; Li, B.; Li, Y.; Li, D.; Wang, E.D.; et al. A novel miR-155/miR-143 cascade controls glycolysis by regulating hexokinase 2 in breast cancer cells. EMBO J. 2012, 31, 1985–1998. [Google Scholar] [CrossRef]

	



Riddle, S.R.; Ahmad, A.; Ahmad, S.; Deeb, S.S.; Malkki, M.; Schneider, B.K.; Allen, C.B.; White, C.W. Hypoxia induces hexokinase II gene expression in human lung cell line A549. Am. J. Physiol. Lung Cell Mol. Physiol. 2000, 278, L407–L416. [Google Scholar] [CrossRef] [PubMed]

	



Mathupala, S.P.; Rempel, A.; Pedersen, P.L. Glucose catabolism in cancer cells: Identification and characterization of a marked activation response of the type II hexokinase gene to hypoxic conditions. J. Biol. Chem. 2001, 276, 43407–43412. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, D.J.; Miyamoto, S. Hexokinase II integrates energy metabolism and cellular protection: Akting on mitochondria and TORCing to autophagy. Cell Death Differ. 2015, 22, 248–257. [Google Scholar] [CrossRef]

	



Gurel, E.; Ustunova, S.; Kapucu, A.; Yilmazer, N.; Eerbeek, O.; Nederlof, R.; Hollmann, M.W.; Demirci-Tansel, C.; Zuurbier, C.J. Hexokinase cellular trafficking in ischemia-reperfusion and ischemic preconditioning is altered in type I diabetic heart. Mol. Biol. Rep. 2013, 40, 4153–4160. [Google Scholar] [CrossRef] [PubMed]

	



Chehtane, M.; Khaled, A.R. Interleukin-7 mediates glucose utilization in lymphocytes through transcriptional regulation of the hexokinase II gene. Am. J. Physiol. Cell Physiol. 2010, 298, C1560–C1571. [Google Scholar] [CrossRef]

	



Culbert, A.A.; Tavare, J.M. Multiple signalling pathways mediate insulin-stimulated gene expression in 3T3-L1 adipocytes. Biochim. Biophys. Acta 2002, 1578, 43–50. [Google Scholar] [CrossRef]

	



Lee, A.W.; States, D.J. Colony-stimulating factor-1 requires PI3-kinase-mediated metabolism for proliferation and survival in myeloid cells. Cell Death Differ. 2006, 13, 1900–1914. [Google Scholar] [CrossRef] [PubMed]

	



Osawa, H.; Sutherland, C.; Robey, R.B.; Printz, R.L.; Granner, D.K. Analysis of the signaling pathway involved in the regulation of hexokinase II gene transcription by insulin. J. Biol. Chem. 1996, 271, 16690–16694. [Google Scholar] [CrossRef]

	



Duarte, A.I.; Santos, P.; Oliveira, C.R.; Santos, M.S.; Rego, A.C. Insulin neuroprotection against oxidative stress is mediated by Akt and GSK-3beta signaling pathways and changes in protein expression. Biochim. Biophys. Acta 2008, 1783, 994–1002. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, C.; Ardehali, H.; Iozzo, P.; Yki-Jarvinen, H.; Koval, J.; Maezono, K.; Pendergrass, M.; Printz, R.; Granner, D.; DeFronzo, R.; et al. Regulation of hexokinase II expression in human skeletal muscle in vivo. Metabolism 2000, 49, 814–818. [Google Scholar] [CrossRef]

	



Jin, F.; Wang, Y.; Zhu, Y.; Li, S.; Liu, Y.; Chen, C.; Wang, X.; Zen, K.; Li, L. The miR-125a/HK2 axis regulates cancer cell energy metabolism reprogramming in hepatocellular carcinoma. Sci. Rep. 2017, 7, 3089. [Google Scholar] [CrossRef]

	



Kim, T.M.; Huang, W.; Park, R.; Park, P.J.; Johnson, M.D. A developmental taxonomy of glioblastoma defined and maintained by MicroRNAs. Cancer Res. 2011, 71, 3387–3399. [Google Scholar] [CrossRef] [PubMed]

	



Parker, N.R.; Correia, N.; Crossley, B.; Buckland, M.E.; Howell, V.M.; Wheeler, H.R. Correlation of MicroRNA 132 Up-regulation with an Unfavorable Clinical Outcome in Patients with Primary Glioblastoma Multiforme Treated with Radiotherapy Plus Concomitant and Adjuvant Temozolomide Chemotherapy. Transl. Oncol. 2013, 6, 742–748. [Google Scholar] [CrossRef]

	



Henriksen, M.; Johnsen, K.B.; Olesen, P.; Pilgaard, L.; Duroux, M. MicroRNA expression signatures and their correlation with clinicopathological features in glioblastoma multiforme. Neuromol. Med. 2014, 16, 565–577. [Google Scholar] [CrossRef]

	



Malzkorn, B.; Wolter, M.; Liesenberg, F.; Grzendowski, M.; Stuhler, K.; Meyer, H.E.; Reifenberger, G. Identification and functional characterization of microRNAs involved in the malignant progression of gliomas. Brain Pathol. 2010, 20, 539–550. [Google Scholar] [CrossRef]

	



Low, S.Y.; Ho, Y.K.; Too, H.P.; Yap, C.T.; Ng, W.H. MicroRNA as potential modulators in chemoresistant high-grade gliomas. J. Clin. Neurosci. 2014, 21, 395–400. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.W.; Ali, N.D.; Zhong, L.; Shi, J. MicroRNAs as biomarkers for human glioblastoma: Progress and potential. Acta Pharmacol. Sin. 2018, 39, 1405–1413. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 12 00633 g001 550] 





Figure 1. The knockdown of miR-542-3p suppresses cellular proliferation in human glioma cells. (A) Representative cellular morphology images and (B) quantification of lengths of cell bodies of control (Control) and miR-542-3p knockdown (miR-542-3p KO) human glioma U87MG cells. (n = 10 images per individual subject, n = 3 per group). Scale bars, 20 μm. Data are representative from three independent experiments. Data are mean ± SD. * p < 0.05 by the two-tailed Student’s t-test. (C) Cell proliferation assay in control (Control) and miR-542-3p knockdown (miR-542-3p KO) human glioma U87MG cells. (n = 10 images per individual subject, n = 3 per group). Data are mean ± SD. ** p < 0.01 by the two-tailed Student’s t-test. 
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Figure 2. miR-542-3p regulates the HK2-mediated high glycolytic phenotype in human glioma cells. (A) The ECAR levels in response to glucose, oligomycin, and 2DG (left) and quantification of ECAR levels (right) in microRNA hairpin inhibitor negative control treated (Control) and miR-542-3p knockdown (miR-542-3p KO) human glioma U87MG cells. Representative data are determined from three independent experiments. Data are mean ± SEM. ** p < 0.01; * p < 0.05 by two-tailed Student’s t-test. (B) Representative immunoblot analysis for HK2, PFKP, PKM2, and LDH-A protein levels (left) and quantification for HK2 and LDH-A protein levels (right) in microRNA hairpin inhibitor negative control treated (Control) and miR-542-3p knockdown (miR-542-3p KO) human glioma U87MG cells. In immunoblots, the levels of β-actin were used as loading control. Representative data are determined from three independent experiments. Data are mean ± SD. * p < 0.05 by the two-tailed Student’s t-test. (C) The ECAR levels in response to glucose, oligomycin, and 2DG (left) and quantification of ECAR levels (right) in microRNA mimic negative control treated (Control) and miR-542-3p over-expressed (miR-542-3p) human glioma U87MG cells. Representative data are determined from three independent experiments. Data are mean ± SEM. ** p < 0.01 by two-tailed Student’s t-test. (D) Representative immunoblot analysis for HK2, PFKP, PKM2, and LDH-A protein levels (left) and quantification for HK2 and LDH-A protein levels (right) in microRNA mimic negative control treated (Control) and miR-542-3p over-expressed (miR-542-3p) human glioma U87MG cells. In immunoblots, the levels of β-actin were used as loading control. Representative data are determined from three independent experiments. Data are mean ± SD. * p < 0.05 by the two-tailed Student’s t-test. 
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Figure 3. The levels of miR-542-3p were elevated in patients with high-grade gliomas. (A) Representative ISH images of miR-542-3p expression in tissues from patients with low- and high-grade gliomas (G1; grade I, G2; grade II, G3; grade III, G4; grade IV) showing miR-542-3p positive (purple) in glioma cells (n = 10 images per individual subject, n = 3 per group). Scale bars, 100 μm. Black arrows indicate miR-542-3p positive cells. (B) Quantification of miR-542-3p positive glioma cells from ISH images in tissues from low- and high-grade patients with gliomas (G1, G2, G3, G4) (n = 10 images per individual subject, n = 3 per group). Data are mean ± SD. **, p < 0.01; *, p < 0.05 by Student’s two-tailed t-test. (C) Survival curve of patients by median survival rate with log-rank test with low levels (blue) and high levels (red) of miR-542-3p (n = 690) was determined from the GBM and LGG datasets from the TCGA. p = 0.0037 by two-sided and one-sided Kaplan–Meier estimation tests. 
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Figure 4. The levels of HK2 were elevated and were positively correlated with the levels of miR-542-3p in patients with gliomas. (A) Representative immunofluorescence 2D (top) and 3D (bottom) images of HK2 protein expression in glioma cells of tissues from patients with low- and high-grade gliomsa (G1, G2, G3, G4) showing HK2 (green) in glioma cells (n = 10 images per individual subject, n = 3 per group). Blue indicates DAPI-stained nuclei in cells. Scale bars, 20 μm. White arrows indicate HK2 positive cells. (B) Quantification of relative HK2 positive staining from immunofluorescence images in tissues from patients with low- and high-grade gliomas (G1, G2, G3, G4) (n = 10 images per individual subject, n = 3 per group). Data are mean ± SD. **, p < 0.01; *, p < 0.05 by Student’s two-tailed t-test. (C) Quantification of HK2 positive glioma cells from immunofluorescence images in tissues from patients with low- and high-grade gliomas (G1, G2, G3, G4) (n = 3 per group, n = 10 per area of individual subject). Data are mean ± SD. **, p < 0.01; *, p < 0.05 by Student’s two-tailed t-test. (D) A Spearman correlation coefficient analysis and linear regression analysis to determine the relationship between HK2 and miR-542-3p in patients with gliomas in the GBM and LGG datasets from the TCGA. Data are mean ± standard deviation (SD). R = 0.23, p = 0.0001 by Spearman correlation coefficient test. 






Figure 4. The levels of HK2 were elevated and were positively correlated with the levels of miR-542-3p in patients with gliomas. (A) Representative immunofluorescence 2D (top) and 3D (bottom) images of HK2 protein expression in glioma cells of tissues from patients with low- and high-grade gliomsa (G1, G2, G3, G4) showing HK2 (green) in glioma cells (n = 10 images per individual subject, n = 3 per group). Blue indicates DAPI-stained nuclei in cells. Scale bars, 20 μm. White arrows indicate HK2 positive cells. (B) Quantification of relative HK2 positive staining from immunofluorescence images in tissues from patients with low- and high-grade gliomas (G1, G2, G3, G4) (n = 10 images per individual subject, n = 3 per group). Data are mean ± SD. **, p < 0.01; *, p < 0.05 by Student’s two-tailed t-test. (C) Quantification of HK2 positive glioma cells from immunofluorescence images in tissues from patients with low- and high-grade gliomas (G1, G2, G3, G4) (n = 3 per group, n = 10 per area of individual subject). Data are mean ± SD. **, p < 0.01; *, p < 0.05 by Student’s two-tailed t-test. (D) A Spearman correlation coefficient analysis and linear regression analysis to determine the relationship between HK2 and miR-542-3p in patients with gliomas in the GBM and LGG datasets from the TCGA. Data are mean ± standard deviation (SD). R = 0.23, p = 0.0001 by Spearman correlation coefficient test.



[image: Genes 12 00633 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
>

Glucose Oligomycin 2DG

200 200~ 1
180 —e— Control w B0 == m Control
£ 160 —m— miR-542-3p KO g 160 m miR-542-3p KO
£ 140+ £ 140-
T 120+ T 1204
i e
% 60- % 60
QO 40+ § 40+
20- 204
——t————+———+—+— 0
1 8 14212734404753606673 Basal Glucose Oligomycin 2DG
Time (min)
B miR-542-3p
Control
KO
M. (kDa)  m Control m Control
HK2 e = -102 B miR-542-3p KO  m miR-542-3p KO
HK2 LDH-A
PFKP === = -80 c 1579 ., c 1.59 .,
y ? 'Y
A d Q. 4 -
PKM2 (e i - 60 = 1.0 = 1.0
()] ()]
c =
2051 8 0.5-
LDH-A == -37 s -
[e) [e]
LL 0 A L 0 -
B-actin == - -42
c N
Glucose Oligomycin 2DG *
160 140 —
140- —e— Control m Control
[= —=— miR-542-3 £ B miR-542-3
£ 120- P € P
T 1004 i
g o i*H\ g
% ol z
5 "l %)
Ll 20- L
—t —t — i 0 -
1 8 14212734404753606673 Basal GlucoseOligomycin 2DG
Time (min)
D Control miR-542-3p
M, (kDa) m Control m Control
a : :
f R-542- R-542-
HKD N 10 m miR-542-3p B miR-542-3p
HK2 LDH-A
g 2i0T] _m 23 g
PFKP e ww -80 5 r S !
2k 200 2.0
PKM2 == == -60 157 S 1.5
© ©
S 1.0 S 1.0
© ©
LDH-A e e - 37 © ©
L 0 - L 0 -
B-actin <D P -42





nav.xhtml


  genes-12-00633


  
    		
      genes-12-00633
    


  




  





media/file2.png
Control miR-542-3p KO

-
————

-
e

m Control m miR-542-3p KO m Control m miR-542-3p KO

* %

8 - 1.0 - —
l+l
E *%
=
~ 61 000 A
3 _
= £
> i o
g4 oo 53
= . QO 04- :
8 @)
©
£ 24 .
5 0.2 - V'
Q
- : ‘
0 0 !

24 h 48 h





media/file5.jpg





media/file3.jpg





media/file1.jpg
u Control m MR542:3pKO.

P
D] L
gl oo H
o an
%, = 1 * o«






media/file7.jpg





media/file0.png





media/file8.png
N G2 A G3 G4

G1

H G2 A G3 G4

G1

AA
A
VY
AA

I
o
N

*%k

I 1 I
un o wn

& i % Tt

199 sAIsod ZyH Jo Jaquwinu ay |

5
g

I I
(ar} N

- 1
|

Buiurels ZyH Jo Alisusiul aAle|aY

=0.23

R
=]

0.0001

1.0+

0.75 7
0

S|PA9| YNYHW ZXH

0.25 -

0.5 0.75 1.0
miR-542-3p levels

0.25

0





media/file6.png
R
AT
:.‘ﬂ ~
L

A\

B Gl MG2 AG3 VG4 C
% 0 we MiR-542-3p low
I 1
2 57 — mim MiR-542-3p high
w
c V.
2 > 0.75 1
© — v ©
2 o
72 o
8 34 %‘ s %5 P = 0.0037
& | — :
& %)
D 2 0.25 -
24
E
SR 0
= 1 == .
% I 1 1 I
v 0 2000 4000 6000
0 Days






