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TRPM7 Induces Mechanistic Target of Rap1b Through the Downregulation of miR-28-5p in Glioma Proliferation and Invasion
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Objectives: Our previous findings demonstrate that channel-kinase transient receptor potential (TRP) ion channel subfamily M, member 7 (TRPM7) is critical in regulating human glioma cell migration and invasion. Since microRNAs (miRNAs) participate in complex regulatory networks that may affect almost every cellular and molecular process during glioma formation and progression, we explored the role of miRNAs in human glioma progression by comparing miRNA expression profiles due to differentially expressed TRPM7.

Methods: First, we performed miRNA microarray analysis to determine TRPM7's miRNA targets upon TRPM7 silencing in A172 cells and validated the miRNA microarray data using A172, U87MG, U373MG, and SNB19 cell lines by stem-loop RT-qPCRs. We next determined whether TRPM7 regulates glioma cell proliferation and migration/invasion through different functional domains by overexpressing wild-type human TRPM7 (wtTRPM7), two mutants with TRPM7's α-kinase domain deleted (Δkinase-DK), or a point mutation in the ATP binding site of the α-kinase domain (K1648R-KR). In addition, we determined the roles of miR-28-5p in glioma cell proliferation and invasion by overexpressing or under expressing miR-28-5p in vitro. Lastly, we determined whether a Ras-related small GTP-binding protein (Rap1b) is a target of miR-28-5p in glioma tumorigenesis.

Results: The miRNA microarray data revealed a list of 16 downregulated and 10 upregulated miRNAs whose transcripts are significantly changed by TRPM7 knock-down. Cell invasion was significantly reduced in two TRPM7 mutants with inactive kinase domain, Δkinase, and K1648R transfected glioma cells. miR-28-5p overexpression suppressed glioma cells' proliferation and invasion, and miR-28-5p under expression led to a significant increase in glioma cell proliferation and migration/invasion compared to that of the controls. miR-28-5p suppressed glioma cell proliferation and migration by targeting Rap1b. Co-transfection of siRap1b with miR28-5p inhibitor reduced the glioma cell proliferation and invasion, caused by the latter.

Conclusions: These results indicate that TRPM7's channel activity is required for glioma cell growth while the kinase domain is required for cell migration/invasion. TRPM7 regulates miR-28-5p expression, which suppresses cell proliferation and invasion in glioma cells by targeting Rap1b signaling.
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INTRODUCTION

High grade malignant gliomas, also called glioblastoma multiforme (GBM), the most common and aggressive primary brain tumor, are devastating, uniformly fatal tumors for which no effective therapies currently exist. We have reported that TRPM7 channels, a subfamily member of the transient receptor potential (TRP), regulate glioma stem cell (GSC) growth/proliferation through STAT3 and Notch signaling pathways (1). Because of traditional treatments' limited success in prolonging the overall survival of GBM patients, treatments that target genomic abnormalities, epigenetics, and epigenetic modulators have been attracting an increasing amount of attention for their influence in many tumors including glioma. miRNAs, one of the epigenetic effectors, reversibly regulate transcription through binding to complementary sequences of mRNA and silencing its translation into proteins. miRNAs are small noncoding RNAs, generally 19–22 nucleotides in length, that modulate protein-coding genes by binding to the 3'-untraslated region (UTR) of the target mRNA, therefore disrupting transcription (2–4). Many studies have shown that miRNA are expressed in a variety of human tumors and exert dramatic functions in human tumorigenesis and metastasis (5). miRNAs can function as either tumor suppressor by inhibiting the expression of oncogene or tumor promoter by reducing the expression of tumor suppressor gene (6, 7). While a specific miRNA may simultaneously regulate different targets, namely a given miRNA's upstream regulation can involve different regulators at different steps of mRNA biogenesis, a single protein target can be regulated by different miRNAs. Therefore, miRNAs participate in complex regulatory networks that affect almost every cellular and molecular processes in tumor initiation and progression (6). Since miRNAs have significant roles in human tumorigenesis and metastasis (5), identification of aberrantly expressed miRNAs is a crucial initial step in illustrating miRNA-mediated tumorigenic pathways.

Our in-depth data analysis from miRNA microarray data revealed a list of 16 downregulated and 10 upregulated miRNAs whose transcripts are statistically significant with fold changes >2 by TRPM7 knock-down in A172 glioma cells. Among these, the miRNA of hsa-miR-28-5p (miR-28-5p) has been shown to exert crucial influence on tumor growth and migration by modulating AKT (8), ERK (9), and IGF-1 (10) signaling pathways. Although oncogenic and invasive roles of TRPM7 (11, 12) and tumor-inhibitory role of miR-28-5p (13) have been reported in multiple studies, how TRPM7 regulates miRNA and downstream target genes are unclear. To seal the gap between TRPM7 and miRNA in the existing literature, we determined the changes in miRNA in response to reduced TRPM7 expression in glioma cells. The aim of the present study was to investigate the functional roles of miR-28-5p to elucidate the molecular mechanism of TRPM7's regulation of miR-28-5p in multiple glioma cell lines with different genomic mutational status. Our data revealed that miR-28-5p was inversely regulated by TRPM7 expression in glioma cells; overexpression of miR-28-5p significantly inhibited glioma cell growth, migration, and invasion; the gene encoding Ras-related protein Rap1b, positively correlated with TRPM7, is a promising candidate target gene of miR-28-5p and may serve as a predictive marker for the poor survival of glioma patients (14, 15). Our study elucidated the crucial roles of TRPM7/miR-28-5p/Rap1b axis in gliomagenesis.



MATERIALS AND METHODS

Antibody and reagents: Primary antibodies used included anti-TRPM7 (Abcam, Cat no. ab232455, Cambridge, MA) and anti-β-actin (Sigma-Aldrich, St. Louis, MO, Cat no. A3854). Rabbit polyclonal Rap1b (36E1, Cat no. 2326) and mouse HA (Cat no. 2367) antibodies were purchased from Cell Signaling Technology (Danvers, MA). All secondary antibodies used for Western blot were purchased from Calbiochem (La Jolla, CA).


Plasmid, siRNA, and miRNAs

The wild-type human TRPM7 (wtTRPM7) or constructs in which the α-kinase domain was deleted (Δkinase) or rendered inactive with a point mutation in the ATP binding site of the α-kinase domain (K1648R) were provided by Dr. Carsten Schmitz, University of Colorado, Denver, CO. All constructs (wtTRPM7, Δkinase, K1648R) were tagged with a hemagglutinin (HA) at the N-terminal. Control scrambled siRNA (On-TARGETplus Non-targeting siRNA, Cat no. D-001810-01-05) and ON-TARGETplus SMARTpool siRNA (Cat no. L-005393-000005) targeting TRPM7 were purchased from Dharmacon (Lafayette, CO). Control scramble siRNA (Cat no. sc-37007) and siRNA targeting Rap1b (Cat no. sc-41854) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The scrambled siRNAs, with no homology to any known sequence were used as controls. miR-28-5p mimic (Cat no. 4464066), miR-28-5p inhibitor (Cat no. 4464084), and control were purchased from Life Technology (Carlsbad, CA).



Cell Culture

Human glioblastoma cell line, A172, was obtained from ATCC (Manassas, VA, USA). Other glioma cell lines, U87MG, U373MG, and SNB19, were kindly provided by Dr. Yancey G. Gillespie at the University of Alabama at Birmingham (UAB), Birmingham, AL. Human glioblastoma cell line SF767 was kindly provided by Dr. Hui-Kuo Shu at Emory University, Atlanta, Georgia. All cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich, St. Louis, MO) plus 10% fetal bovine serum (FBS), 50 units/ml penicillin, and 50 μg/ml streptomycin at 37°C.



Transfection of siRNA and Expression of Wild-Type Human TRPM7 and Mutant Constructs in Glioma Cells

When the glioblastoma cells reached about 50–75% confluency, the appropriate amount of siRNAs specific to TRPM7, Rap1b, and control scramble siRNA with the final concentration of 100 nM, and miR-28-5p mimics, inhibitor, and controls with final concentration of 30 nM were transfected using Lipofectamine RNAiMAX reagent in serum free OptiMEM-1 medium (Invitrogen, Carlsbad, CA) according to the manufacture's instruction. After six hours of transfection, cells were grown in Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) (16, 17) further for 24–72 h as indicated in each experiment. 48 or 72 h post transfection, targets knockdown were assessed by RT-PCR or Western blot, respectively. Various glioma cells at 50–75% confluency were transfected with a pcDNA4/TO plasmid that allowed protein expression of wt hTRPM7 and hTRPM7 mutants for the α-kinase deletion or lacking of phosphotransferase activity by lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA) according to the manufacture's instruction. The transiently transfected glioma cells expressing wt hTRPM7, Δkinase, and K1648R hTRPM7 constructs were maintained in DMEM containing 10% FBS (16, 17) for further growth for 24–72 h. The overexpression of TRPM7 and its mutants were assessed by HA expression. All studies were done in triplicates.



MTT Assay

All glioma cells were seeded at 1 × 104 cells in 100 μl of medium per well into 96-well plates and were transfected with 100 nM specific siRNA or control using Lipofectamine reagent for indicated times. Ten micorliter of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma-Aldrich, St. Louis, MO, the ratio of MTT reagent to medium is 1:10) was added into each well and incubated in the dark at 37°C for 2–4 h. Absorbance at 570 nm was measured using 690 nm as the reference using a CytoFluorTM 2300 plate reader.



Cell Migration and Invasion Assay

The migration and invasion potential were assessed as previously described (1, 18). Briefly, cell culture chambers with 8 μm pore size of polycarbonate membrane filters (Corning, USA) were used for cell invasion assays with the filters pre-coated with matrigel (50 μl, 1.25 mg/ml). Each of the glioma cell lines were transfected with or without 100 nM siRNA for 48 h, harvested and seeded with 1% FBS medium in the upper chambers that were soaked in bottom chambers filled with 500 μl whole medium (DMEM and 10% FBS). After another 24 h of incubation at 37°C, matrigel and cells on the upper surface of the filter were wiped off thoroughly with a Q-tip. Cells attached on the lower surface of the membrane filters were fixed with 4% paraformaldehyde/PBS for 10 min and stained with 0.5% crystal violet/methanol for 10 min. The cells were then counted under light microscopy with 10x magnification in 3–4 random fields. Cell numbers under different treatments were normalized to the appropriate controls. Assays were done in triplicate of samples and were performed in two independent experiments.



miRNA Microarray

TRPM7-siRNA was employed to selectively suppress the expression of TRPM7 channels in A172 cells. Then, total RNA was extracted using the miRNeasy Mini Kit (Qiagen, Valencia, CA) and was subjected to the human miRNA array assay by LC Sciences (Houston, TX, www.LCsciences.com) using MRA-1001B2 version miRHuman 22, containing 2,632 standard mature miRNA unique probes with 3 repeats, 50 controls (8–32 repeats) based on Sanger miRBase Release 22 (http://www.mirbase.org/). PUC2PM-20B and PUC2MM-20B are the control probes for quality controls of chip production, sample labeling, and assay conditions. Fold changes and P-values were calculated using Student's t-test. A P < 0.05 with a fold change >2.0 was considered to be a significant dysregulation. In-depth data analysis from miRNA microarray data showed a list of 16 downregulated and 10 upregulated miRNAs whose transcripts are statistically significant with fold changes >2 by TRPM7knock-down.



Real-Time RT-PCR Analysis

Total RNA isolation, cDNA synthesis, and PCR amplification were performed as previously described (19). Cell pellets were stored in Trizol reagent and homogenized in fresh Trizol. Total RNA was isolated from cells using a miRNeasy Kit (Qiagen, Valencia, CA) and quantified using the Nanodrop N-1000 by Agilent Biosystems (Santa Clara, CA). Purified total RNA (0.75 μg) was reverse transcribed using iScript cDNA Synthesis Kit according to the manufacture's protocol (Bio-Rad Laboratories, Inc., Hercules, CA). Reverse transcription was performed by using random hexamers at 25°C for 5 min, 42°C for 30 min, and 85°C for 5 min. After diluting 10 times, the cDNA was then amplified using iQ SYBR Green Supermix (Bio-Rad Laboratories, Inc.) according to the manufacture's protocol under the following conditions: activation of the Taq DNA polymerase at 95°C for 3 min, 40 cycles at 95°C for 10 s (denaturation), and 61°C for 45 s (combined annealing and extension). The quantitative gene analysis utilized the CFX Connect Real Time PCR Detection System. Each condition was conducted in biological triplicates, and each individual biological replicate was amplified in technical triplicates. Relative expression for each gene was evaluated using the 2−ΔΔCt Livak method, and GAPDH was used as the reference gene (20). We used the melting curve analysis to assess whether or not the intercalating dye qPCR assays have produced single, specific product. The single peak was observed for each specific gene, which represented as a pure single amplicon, indicating the specificity of each primer for each specific gene.



Stem-Loop Pulsed Reverse Transcription: A Highly Sensitive RT-PCR Method for the Detection and Quantification of miRNAs

The miRNA validation was performed using stem-loop pulsed RT-PCR with some modifications as described before (21). The RT primer for miR-28-5p reverse transcription, forward and reverse primers for RT product amplification were designed based on miR-28-5p's sequence: AAGGAGCUCACAGUCUAUUGAG (http://www.mirbase.org/). For each reaction, “no RNA” master mix comprised of 10 mM dNTP, 5 μM RT primer (see Table 1), and appropriate water, was heated at 65°C for 5 min and incubated on ice for 2 min. Then, the “no RNA” master mix was combined with RT master mix containing first-strand buffer, 0.1M DTT, 4 units RNaseOUT, and 50 units of SuperScript III reverse transcriptase. Then the pulsed RT was performed under the following conditions: load thermal cycler and incubate for 30 min at 16°C, pulsed RT of 60 cycles at 30°C for 30 s, 42°C for 30 s and 50°C for 1 s, and incubate at 85°C for 5 min to inactivate the reverse transcriptase. Finally, the RT product was amplified using iQ SYBR Green Supermix (Bio-Rad) as described above.


Table 1. List of primers used in the study.
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Western Blotting

Cells were lysed with lysis buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Nonidet P-40, 100 mM NaF, 10 mM sodium pyrophosphate, 0.2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, and 10 μg/ml leupeptin). Samples were separated by SDS/PAGE, and separated proteins were transferred to nitrocellulose membranes and identified by immunoblotting. Primary antibodies were obtained from commercial sources and were diluted at the ratio of 1:1,000 according to manufacturer's instruction. Blots were developed with Supersignal Pico or Femto substrate (Pierce). A densitometric analysis of the bands was performed with the ImageQuant program (Bio-Rad).



Bioinformatics Analysis

Kaplan-Meier analysis of overall survival according to the TRPM7, Rap1b mRNA expression and Pearson correlation between TRPM7 and Rap1b were obtained from microarray analysis on 454 glioma patients in the TCGA data set (http://www.betastasis.com/glioma/tcga_gbm/). P-value is based on log rank test.



Statistical Analysis

The results obtained in this work were expressed as mean ± SD of at least 2 independent experiments done in triplicate. Paired Student t-test or one-way ANOVA tests were performed for data analysis, and significant difference was defined as P < 0.05.




RESULTS


TRPM7 Regulates Glioma Cell Proliferation and Migration/Invasion Through Different Functional Domains

We have reported that the activation of TRPM7 channels plays an important role in the growth and proliferation of human glioma cells (1). In the current study, we further investigated whether or not changes in glioma cell proliferation and migration might be caused by channel domain-mediated and/or kinase domain-mediated TRPM7 activation. To this end, A172 cells were transfected with (a) 5 μg of wild-type human TRPM7 (wtTRPM7 or M7-WT); (b) constructs in which the α-kinase domain was deleted (Δkinase or M7-DK) or rendered inactive with a point mutation in the ATP binding site of the α-kinase domain (K1648R, or M7-KR); all the cells were allowed to grow from 24 to 72 h as indicated. Note that in vitro autophosphorylation assays have been done to confirm that the phosphotransferase activity of the M7-WT channels are easily detectable and much reduced in the absence of mutant channel activities under standard conditions by Dr. Carsten Schmitz's group who provided us the constructs (17). The effects of TRPM7 on glioma cell proliferation and invasion were determined using MTT assays and transwell invasion assays, respectively. As shown in Figure 1A, A172 cells with Δkinase (M7-DK) and K1648R (M7-KR) mutants expressed the TRPM7 protein, as demonstrated by Western blot, in which TRPM7 expression at the lysate level was similar to that of wtTRPM7 expression (Figure 1A). The cells overexpressing wt TRPM7 (M7-WT), M7-KR, or M7-DK grew significantly more (P < 0.05) than the cells transfected with control (Figure 1B) in a time-dependent manner from 24 to 72 h. Cell proliferation was not significantly changed when cells were transfected with Δkinase or K1648R compared to those transfected with wt TRPM7, which indicates that TRPM7 channel, rather than kinase activity, is required for A172 cell growth (Figure 1B). Cell invasion was increased up to 3 times in A172 cells transfected with wt TRPM7 compared to that of the control; by contrast, the cell numbers that penetrated the Matrigel-coated transwell were significantly reduced in cells transfected with Δkinase (M7-DK) to 30% or with K1648R (M7-KR) to 50% at 72 h compared to control, indicating that TRPM7 kinase activity is required for changes in cell migration and invasion (Figures 1C,D). These results suggest that the channel activity of TRPM7 is required for cell growth while the kinase domain is required for cell migration/invasion.


[image: Figure 1]
FIGURE 1. The channel activity of TRPM7 is required for cell growth while the kinase domain is required for cell migration/invasion in A172 cells. A172 cells were transfected with (a) 5 μg of wild-type human TRPM7 (wtTRPM7 or M7-WT or WT); (b) constructs in which the α-kinase domain was deleted (Δkinase or M7-DK or DK); (c) rendered inactive with a point mutation in the ATP binding site of the α-kinase domain (K1648R, or M7-KR or KR) along with control vector (Ctrl); all the cells were allowed to grow from 24 to 72 h as indicated. (A) The transfection efficiency was assessed by detecting HA-TRPM7 with an anti-HA antibody by Western blot. A172 cells with Δkinase (M7-DK) and K1648R (M7-KR) mutants expressed HA-TRPM7 protein, the mutants expressed the equivalent levels of HA-TRPM7 expression as that of wt TRPM7 expression; while there is undetectable HA-TRPM7 in control. (B) The effects of TRPM7 on glioma cell proliferation were determined using MTT assays. Cell numbers were counted every 24 h for 3 days post-transfection with wtTRPM7, M7-DK, or M7-KR as well as the control. The values represent a fold change relative to controls and are mean ± SD of triplicated samples performed in three independent experiments. (C) For transwell invasion assays, each transfected A172 cells were grown for 48 h, then cells were harvested and seeded with 1% FBS medium in the upper chambers which were soaked in bottom chambers filled with 500 μl whole medium containing 10% FBS. The cells were then subjected to grow for 24 h during the invasion assay. A representative experiment of microscopy images (x10) shown the invasive cells on Transwell assay. Photomicrographs were taken at the magnification of 10x. (D) The cell numbers were counted on the bottom of Matrigel-coated transwell chamber at 72 h post-transfection. The data were represented as fold changes relative to controls and are the mean ± SD of triplicate samples performed in two independent samples (**P < 0.01, Student t-test).




TRPM7 Negatively Regulates miR-28-5p in Glioma Cells
 
The Expression Levels of hsa-miR-26b-5p, hsa-miR4530, and hsa-miR-28-5p Were Significantly Changed by TRPM7 Knock-Down

To test whether or not miRNAs are regulated by TRPM7 expression, 100 nM of siRNAs specific to TRPM7 (siTRPM7) or control scramble siRNA (siCtrl) were transfected into A172 cells for 72 h for specifically selective suppression of TRPM7 channel expression. Total RNA from triplicate biological samples, either with scramble control (siCtrl, A423, A424, and A425) or siTRPM7 (A427, A428, and A434) (Figure 2A), were extracted and parallelly subjected to human miRNA array assay by LC Sciences (Houston, TX, www.lcsciences.com). In-depth data analysis from miRNA microarray data revealed 16 downregulated and 10 upregulated miRNAs whose transcripts are statistically significant with fold changes >2 by TRPM7 knock-down (Figure 2A). Among them, microRNAs hsa-miR-26b-5p (miR-26b-5p), hsa-miR-4530 (miR-4530), and hsa-miR-28-5p (miR-28-5p) have been shown to exert crucial influence on tumor growth and migration by modulating AKT (8), ERK (9), and IGF-1 (10) signaling pathways. In our case, hsa-miR-26b-5p, hsa-miR-4530, and hsa-miR-28-5p were significantly changed by TRPM7 knock-down.
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FIGURE 2. TRPM7 negatively regulates miR-28-5p in glioma cells. (A) Total RNA from biological triplicate samples, either with scramble control (siCtrl, A423, A424, and A425) or siTRPM7 (A427, A428, and A434), were extracted and then parallelly subjected to human miRNA array assay. In-depth data analysis from miRNA microarray data resulted in a list of 16 downregulated and 10 upregulated miRNAs whose transcripts are statistically significant with fold changes greater than 2 by TRPM7 knock-down. (B,C) Validation of miRNA array by siTRPM7 by qPCR. miR-26b-5p, miR-4530, and miR-28-5p were validated by real-time miRNA quantification using stem-loop RT-PCR in glioma cell lines A172 (B) and SNB19 (C). A set of endogenous RNAs SNOD48, SNOD44, SNOD47, and U6 served as endogenous controls in real-time miRNA quantification to normalize miRNA gene expression. (D) Validation of miRNA array by overexpressing TRPM7. The constructs of wt hTRPM7 (M7-WT), Δ kinase (M7-DK), K1648R (MT-KR), and control (Ctrl) were introduced into and expressed in glioma cell lines A172, U373MG, SNB19, and U87MG for 48 h. Transfection efficiency was determined by TRPM7 mRNA expression detected by qRT-PCR. GAPDH was used as an internal control to monitor the presence of amplified cDNA in samples (upper left). Western blots by overexpression of individual TRPM7 constructs confirmed the data from qRT-PCR, which showed significantly increased TRPM7 in M7-WT, M7-KR, and M7-DK compared to the control (D, right). The levels of miR-28-5p were determined by stem-loop RT-PCR (lower left). All the data were represented as fold changes relative to the appropriate controls and are the mean ± SD of triplicated samples performed in three independent experiments. (*P < 0.05, **P < 0.01).




Validation of miRNA Array Results by siTRPM7

Next, miR-26b-5p, miR-4530, and miR-28-5p were further validated by real-time miRNA quantification using stem-loop RT-PCR (21–27) in glioma cell lines A172 and SNB19 (Figures 2B,C). A set of endogenous RNAs SNOD48, SNOD44, SNOD47, and U6 served as endogenous controls in real-time miRNA quantification to normalize miRNA gene expression. miR-26b-5p and miR-28-5p were significantly upregulated while miR-4530 was significantly downregulated upon TRPM7 silencing by siTRPM7 in both A172 and SNB19 cells as compared to each of their miRNA endogenous controls (*P < 0.05, **P < 0.01, Student t-test). The data indicated that the expressions of hsa-miR-26b-5p, hsa-miR-4530, and hsa-miR-28-5p in the two cell lines are consistent with those of miRNA microarray data. Since miRNA's discovery decades ago, miR-26-5p, together with miR-21-5p and miR-30-5p was only detected in breast cancer and may not have significant roles in glioma; while miR-28-5p was found to be important in multiple malignancies including glioma. Therefore, we chose miR-28-5p to further elucidate the TRPM7-mediated pathways in glioma.



Validation of miRNA Array Results by Overexpressing TRPM7

The constructs of wt hTRPM7, Δ kinase, and K1648R were introduced into and expressed in glioma cell lines A172, U373MG, SNB19, and U87MG for 48 h. Total RNA and protein lysate were isolated, and TRPM7 levels were detected by qRT-PCR. GAPDH was used as an internal control to monitor the presence of amplified cDNA in samples. Optimum mRNA expression of wt hTRPM7 and the mutants, Δkinase and K1648R, was observed after 48 h. Overexpression of TRPM7 by M7-WT, M7-KR, and M7-DK dramatically increased TRPM7 mRNA as compared to that of the pcDNA4.2 control (Figure 2D, upper left, *P < 0.05, **P < 0.01, Student t-test) in each of four cell lines, indicating the system's high transfection efficiency. Western blots by overexpression of individual TRPM7 constructs for 72 h confirmed the data from qRT-PCR, which showed significantly increased TRPM7 in M7-WT, M7-KR, and M7-DK compared to the control (Figure 2D, right). Unlike proteins that showed consistent expression of M7-KR and M7-DK as M7-WT across the cell lines, there are varying expression at mRNA levels of M7-WT and M7-KR and M7-DK. This indicates that transcription levels are frequently not reflected at the protein level due to protein instability and lower rate of mRNA transcription compared to protein translation in mammalian cells (28). The levels of miR-28-5p were determined by stem-loop RT-PCR. The results showed that the overexpression of wt hTRPM7 decreased miR-28-5p expression by 53, 50, 57, and 51% in A172, U373MG, SNB19, and U87MG, respectively; on the other hand, K1648R mutants increased miR-28-5p expression by 1.5, 2.67, 2.74, and 2.45 times. Δ kinase mutants exhibited similarly increased miR-28-5p expression pattern as K1648R mutants did by 1.7, 2.64, 2.78 and 2.1 times, respectively (Figure 2D, lower left). These results suggest that wild type TRPM7 may have different functions from its mutants.




miR-28-5p Inhibits Glioma Cell Proliferation and Invasion

To understand the biological effect of miR-28-5p on the proliferation of glioma cells, miR-28-5p expression was manipulated by transfecting A172, U87MG, U373MG, and SNB19 cells with either miR-28-5p mimics, inhibitors, or controls (ctrl or miR-NC) for 72 h to increase or decrease miR-28-5p expression levels. The stem-loop RT-PCR assay confirmed that miR-28-5p was significantly increased in A172, U87MG, U373MG, and SNB19 cells that were transfected with miR-28-5p mimics as compared to the expression levels in cells transfected with miR-NC (Figure 3A, left). Similarly, miR-28-5p was significantly decreased in the above four glioma cell lines that were transfected with miR-28-5p inhibitors as compared to the expression levels in cells transfected with miR-NC (Figure 3A, left). We assessed TRPM7 protein expression levels simultaneously when overexpressing miR-28-5p mimics and inhibitors by Western blot, and we confirmed the negative correlation between TRPM7 and miR-28-5p (Figure 3A, right).
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FIGURE 3. miR-28-5p inhibits glioma cell line proliferation and invasion. (A) miR-28-5p mimics, miR-28-5p inhibitors and miR-NC (or ctrl) were transfected into A172, U87MG, U373MG, and SNB19 glioma cells, and stem-loop RT-PCR was conducted to examine the levels of miR-28-5p expression 72 h post-transfection with miR-28-5p mimics, miR-28-5p inhibitors and miR-NC. Left: miR-28-5p expression was significantly increased in A172, U87MG, U373MG, and SNB19 transfected with miR-28-5p mimics compared to the expression levels in cells transfected with miR-NC, miR-28-5p was significantly decreased in the above four glioma cell lines transfected with miR-28-5p inhibitors compared to the expression levels in cells transfected with miR-NC (*P < 0.05, **P < 0.01, Student t-test). The data were presented as the fold changes relative to the corresponding controls and are mean ± SD of triplicate samples performed in three independent experiments. Right: TRPM7 protein expression levels were checked simultaneously when overexpressing miR-28-5p mimics and inhibitors, and the negative correlation between TRPM7 and miR-28-5p was confirmed. (B–E) Representative experiment of the proliferation effect of miR-28-5p in A172, U87MG, U373MG, and SNB19 glioma cell lines assayed by MTT. Absorbance was measured every 24 h for 4 days post-transfection with miR-NC, miR-28-5p mimics and miR-28-5p inhibitors. miR28-5p mimics significantly decreased cell proliferation in glioma cell lines; while miR-28-5p inhibitors significantly increased cell proliferation in glioma cell lines (*P < 0.05, **P < 0.01, Student t-test). The data were presented as the fold changes relative to the corresponding controls and are mean ± SD of triplicate samples performed in three independent experiments. (F) A Matrigel transwell invasion assay, using U373MG, SNB19, and U87MG cell lines that were transiently transfected with miR-NC, miR-28-5p mimics, and miR-28-5p inhibitors were conducted exactly same as described in Figures 1C,D. The cell numbers were counted on the bottom of Matrigel-coated transwell chamber at 72 h post-transfection. A representative experiment was shown. The ectopic expression of miR-28-5p inhibited the number of invaded cells while inhibition of miR-28-5p expression increased the invasion compared to the controls. The data were represented as fold changes relative to controls are the mean ± SD of triplicate samples performed in two independent samples (*P < 0.05, **P < 0.01, Student t-test). Photomicrographs were taken at 10x magnification.


We then examined the effects of miR-28-5p on glioma cell growth using MTT assay. As shown in Figures 3B–E, the overexpression of miR-28-5p by transient transfection of miR-28-5p mimics dramatically inhibited the growth rate of A172, U87MG, U373MG, and SNB19 glioma cell lines, where cell proliferation decreased in A172 (Figure 3B), U87MG (Figure 3C), U373MG (Figure 3D), and SNB19 (Figure 3E) by a maximum of 51.7, 52.5, 48.9, and 53.3% on day 4, respectively. In contrast, reduced miR-28-5p expression by miR-28-5p inhibitor augmented the growth of the four glioma cell lines above, where cell proliferation increased in A172 (Figure 3B), U87MG (Figure 3C), U373MG (Figure 3D), and SNB19 (Figure 3E) by a maximum of 32.0, 83.8, 31.1, and 45% on day 4, respectively. Next, we evaluated the possible roles of miR-28-5p in glioma cells invasion. Matrigel transwell invasion assays were performed on U87MG, U373MG, and SNB19 cell lines that were transiently transfected with miR-NC, miR-28-5mimics, and miR-28-5p inhibitors, and the results showed that the ectopic expression of miR-28-5p inhibited the number of invaded cells by 50, 60, and 40%, respectively as compared with that of the controls; on the other hand, miR-28-5p inhibitors enhanced the number of invaded cells by 50, 200, and 80%, respectively (Figure 3F).



TRPM7 Positively Regulated Rap1b Expression in Glioma Cells

The biological roles of miRNAs in human tumors depend on their specific targets; therefore, we searched the literature for potential targets of miR-28-5p. We found 52 publications that related miR-28-5p with human tumors, with most of them serving as a tumor suppressor. Several important tumor-related genes were defined as the direct target for miR-28-5p, such as AKT in gastric cancer (8), N4BP1 in ovarian cancer (29), IL-34 (30) and IGF-1 (10) in hepatocellular carcinoma, and Rap1b in renal cell carcinoma (31). Among these, Rap1b has drawn our attention for the following reasons. First, Rap1b has been found to play a role in the glioma cell proliferation and migration (15, 32). Second, the bioinformatics analysis from TCGA (http://www.betastasis.com/glioma/tcga_gbm/) indicated both TRPM7 (Figure 4A, upper panel) and Rap1b (Figure 4A, lower panel) predict glioma patients' poor prognosis. Third, TRPM7 and Rap1b mRNA expression levels are correlated by Pearson's correlation analysis (r = 0.515) (Figure 4B). To confirm this correlation, we transfected A172, U87MG, U373MG, and SNB19 cells either with synthesized specific small interfering RNAs (siTRPM7) targeting TRPM7 mRNA to decreasing TRPM7 expression or with TRPM7 expression vector along with its mutants K1648R and Δ kinase to increase the TRPM7 expression. The transfection efficiency of TRPM7 knock-down and overexpression were examined by qPCR (Figure 2D, upper left and Figure 4D, upper right) and Western blot (Figure 4D, left and lower right). The results indicated that the inhibition of TRPM7 expression by siTRPM7 markedly reduced Rap1b expression at both mRNA (Figures 4C,D, upper right) and protein levels (Figure 4D, left and lower right); while the overexpression of TRPM7 dramatically enhanced the expression of Rap1b at both mRNA (Figure 4E) and protein levels (Figure 4F) in all four glioma cell lines. Again, the mutants K1648R and Δ kinase exhibited a noticeable difference in Rap1b expression pattern at the protein levels compared to that of wt TRPM7, which reflect differences in their functional roles (Figure 4F).
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FIGURE 4. TRPM7 positively regulated Rap1b mRNA and protein expression in glioma cells. (A) Kaplan-Meier survival curve for the overall survival of glioma patients. The bioinformatics analysis from Rembrandt showed a high expression level of TRPM7 and Rap1b are unfavorable prognostic biomarkers of overall survival (p = 3.52e−5 for the former, p = 0 for the latter, logrank tests). The data in upper panel of (A) showed that glioma patients with high TRPM7 expression (n = 165) have short overall survival compared to those with low TRPM7 expression (n = 164). The glioma patients with high Rap1b (lower panel) predict the poor prognosis of glioma patients as well (A, lower panel). (B) By Pearson correlation analysis via TCGA (http://www.betastasis.com/glioma/tcga_gbm/), a clearly direct correlation was observed between TRPM7 and Rap1b expression levels in 356 glioma patients with both genes are detectable (r = 0.515). (C–F) To confirm this correlation, we transfected A172, U87MG, U373MG, and SNB19 cells either with synthesized specific small interfering RNAs (siTRPM7) targeting TRPM7 mRNA to decreasing TRPM7 expression or with TRPM7 expression vector along with its mutants Δ kinase and K1648R to increase the TRPM7 expression. The transfection efficiency of TRPM7 knock-down and overexpression were examined by qPCR [see Figure 2D and (D), upper right] and Western blot (D left and lower right). The lower right panel of (D) is the densitometry analysis of the bands performed using the ImageQuant program. The results showed that the inhibition of TRPM7 expression by siTRPM7 markedly reduced Rap1b expression at both mRNA in all four cell lines (C, *P < 0.05, Student t-test) and protein levels in U87MG and SNB19 cells (D). While overexpression of TRPM7 dramatically enhanced the expression of Rap1b at both mRNA (E, **P < 0.05 compared to control-Ctrl, #P < 0.05 compared to wild type-WT, one-way ANOVA) and protein levels (F) in all four glioma cell lines. The right panel of (F) is the densitometry analysis of the bands performed using the ImageQuant program. Again, the mutants Δ kinase and K1648R exhibited a noticeable difference in Rap1b expression pattern at both mRNA and protein levels compared to that of wt TRPM7, which reflect differences in their functional roles. The data are expressed as the fold changes relative to the corresponding controls and are the mean ± SD of triplicated samples preformed in three independent experiments (C–D). All the data represent one of the three independent experiments with similar results (D–F).




Rap1b Elevates Glioma Cell Proliferation and Invasion

We first determined whether or not Rap1b protein, a Ras-related small GTP-binding protein that acts as GTPase in several signaling cascades, is expressed in glioma cells. As shown by Western blot, all of the glioma cell lines A172, SF767, SNB19, U373MG, and U87MG expressed the Rap1b protein (Figure 5A, upper panel). To confirm whether or not Rap1b functions as an oncogene in glioma, we assessed the effects of Rap1b on glioma cell proliferation and invasion in vitro using MTT assay or Matrigel transwell invasion assay after transfecting A172, U87MG, U373MG, and SNB19 with synthesized specific small interfering RNAs (siRap1b) targeting Rap1b mRNA. The efficiency of the transfection was detected by the expression of total Rap1b protein, as examined by Western blot. As shown in Figure 5A, Rap1b siRNA markedly exhibited the inhibition of Rap1b expression (Figure 5A, lower panel). Next, MTT and cell invasion assay were conducted to examine the effects of Rap1b downregulation on the proliferation and invasion in A172, U87MG, U373MG, and SNB19, respectively. The results showed that transfection with siRap1b resulted in a significant decrease in proliferation in an approximate time-dependent manner when compared with the respective siRNA control groups in the four glioma cell lines; the cell growth viability was reduced by a maximum of 44.4% at 96 h in A172 cells, 37.4% at 96 h in U87MG cells, 46.5% at 72 h in U373MG cells, and 54.3% at 72 h in SNB19 cells (Figure 5B). The number of invasive cells crossed the Matrigel transwell was dramatically reduced by 40, 50, 80, and 55% in A172, U87MG, U373MG, and SNB19 cells at 72 h post-transfection, respectively (Figure 5C). Taken together, these results suggest that Rap1b increases glioma cell line proliferation and invasion, and promotes glioma tumorigenesis and metastasis.
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FIGURE 5. Rap1b elevates glioma cell proliferation and invasion. (A) All the glioma cell lines A172, SF767, SNB19, U373MG, and U87MG expressed the Rap1b protein (upper panel). We then transfected siRap1b along with the control into the in A172, U87MG, U373MG, and SNB19 cells, the efficiency of the transfection was detected by the expression of total Rap1b protein, as examined by Western blot. Rap1b siRNA markedly inhibited Rap1b expression (lower panel). The corresponding densitometry analysis for each Western blot performed using the ImageQuant program are on the right sides correspondingly. (B,C) Rap1b elevates glioma cell proliferation and invasion. MTT and cell invasion assay were conducted to examine the effects of Rap1b on the proliferation and invasion after transfecting A172, U87MG, U373MG, and SNB19 with synthesized specific small interfering RNAs (siRap1b) targeting Rap1b mRNA. The results showed that transfection with siRap1b resulted in a significant decrease in proliferation (B) and invasion (C, Photomicrographs were taken at 10x magnification) compared with the respective siRNA control groups in the four glioma cell lines. These results suggested that Rap1b increases glioma cell line proliferation and invasion, and Rap1b may perform tumor promoting roles in glioma growth and metastasis [*P < 0.05, one-way ANOVA for proliferation assay in (B), Student t-test for invasion assay in C]. All data are from triplicate samples performed in two different independent experiments.




miR-28-5p Directly Targets and Downregulates Rap1b Expression in Glioma Cells
 
miR-28-5p Expression Is Inversely Correlated With Rap1b mRNA and Protein Expression in Glioma Cells

To further explore the association between miR-28-5p and Rap1b in glioma cells, we analyzed the expression of the endogenous Rap1b after transiently transfecting cells with either (a) miR-28-5p mimics, (b) miR-28-5p inhibitor, or (c) control miR-28-5p-NC in A172, U87MG, U373MG, and SNB19 cells. The transient transfection efficiency was determined by qRT-PCR and Western blot. As shown in Figure 6A, Rap1b mRNA expression levels were significantly reduced by miR-28-5p mimics and significantly enhanced by miR-28-5p inhibitor in each of the four glioma cell lines. Similarly, the Rap1b protein expressions displayed the same patterns as those of mRNA expressions in U87MG, U373MG, and SNB19 cells (Figure 6B). These results confirm that miR-28-5p regulates both the expression levels of Rap1b mRNA and protein.
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FIGURE 6. miR-28-5p directly targets and downregulates Rap1b expression in glioma cells. (A,B) miR-28-5p expression is inversely correlated with Rap1b mRNA and protein expression in glioma cells. We analyzed the expression of the endogenous Rap1b after transiently transfecting cells with either (a) miR-28-5p mimics; (b) miR-28-5p inhibitor; (c) control miR-28-5p-NC (ctrl) in A172, U87MG, U373MG, and SNB19 cells. The transient transfection efficiency was determined by qRT-PCR and Western blot. As expected, Rap1b mRNA expression levels were significantly reduced by miR-28-5p mimics and significantly enhanced by miR-28-5p inhibitor in each of the four glioma cell lines (A). Similar, the Rap1b protein expressions displayed the same patterns as those of mRNA expressions in U87MG, U373MG, and SNB19 cells (B). The densitometry analysis performed using the ImageQuant program are on the right side of each Western blot gel. (C,D) miR-28-5p inhibits glioma cell proliferation and invasion by directly targeting Rap1b. To further clarify whether or not tumor suppressive roles of miR-28-5p were dependent on Rap1b expression, 100 nM of siRap1b was co-transfected with 30 nM of miR28-5p inhibitor in A172, U87MG, U373MG, and SNB19 glioma cell lines to assess glioma cells' proliferation by MTT assay and evaluate glioma cell invasion by Matrigel transwell invasion assay. The reduction of Rap1b expression by siRap1b effectively reduced the miR-28-5p inhibitor-induced glioma cell proliferation (C), and the miR-28-5p inhibitor-induced invasion (D, Photomicrographs were taken at 10x magnification) in each of the four glioma cell lines above. All data are from triplicate samples performed in two different independent experiments. (*P < 0.05, **P < 0.01).




miR-28-5p Inhibits Glioma Cell Proliferation and Invasion by Directly Targeting Rap1b

To further clarify whether or not tumor suppressive roles of miR-28-5p were dependent on Rap1b expression, 100 nM of siRap1b was co-transfected with 30 nM of miR-28-5p inhibitor in A172, U87MG, U373MG, and SNB19 glioma cell lines to assess glioma cells' proliferation by MTT assay and glioma cell invasion by Matrigel transwell invasion assay. As expected, the reduction of Rap1b expression by siRap1b effectively reduced glioma cell proliferation induced by miR-28-5p inhibitor during 24 to 96 h post-transfection by a maximum of 52, 41.8, and 69.2% for A172, U87MG, and U373MG at 96 h, 60% for SNB19 at 48 h (Figure 6C). Similarly, siRap1b markedly reduced miR-28-5p inhibitor-induced invasion by 35.6, 42.1, and 39.0% in U87MG, U373MG, and SNB19 cells at 72 h, respectively (Figure 6D, *P < 0.05, **P < 0.01, one-way ANOVA). These results suggest that Rap1b is able to at least partially restore the function of miR-28-5p, and these functional restoration assays support that miR-28-5p functions upstream of Rap1b and is dependent on Rap1b.





DISCUSSION

In the current study, we utilized four glioma cell lines, A172, U87MG, U373MG, and SNB19, based on their different molecular characteristics. U373MG has a p53 gene mutation (33), while A172, U87MG (33), and SNB19 are PTEN-mutant cell lines (34, 35). In addition to harboring PTEN and CDKN2A (p16INK4a) mutation as in A172, U87MG has another CDKN2C (p18INK4c) mutation (36). Although U373MG cells may share common origins with SNB19, these two cell lines appear to have evolved to exhibit distinct karyotypes and drug sensitivities (37); thus, they serve as culture models with different molecular background for comparison in this study.

TRPM7 channel is nonselectively permeable to many divalent cations such as Ca2+, Mg2+, and Zn2+, which comprises the TRPM7-mediated inward current. In addition, it has the unique characteristic of α-kinase domain at its carboxyl-terminal (17). The kinase domain of TRPM7 is not essential for the activation of its channel, but structural changes in the kinase domain could alter the sensitivity of channel activation to divalent cation (17). TRPM7-dependent divalent cations, growth factors (GFs), hypoxia and/or other signals can open TRPM7 channel and increase cell proliferation. In this regard, the major activated signaling pathways activated include PI3K/AKT/mTOR (38–40), Src/MAPKs/JNK, p38, and ERK (41–45). Depleted TRPM7 resulted in the inactivation of STAT3 and the disruption of proliferation of thymocytes (46). On the other hand, the opening of TRPM7 channels causes a local increases in Ca2+/Mg2+ concentration, which affects the recruitment/targeting of TRPM7 kinase substrates (16). TRPM7-kinase phosphorylates downstream eEF2-k on Ser78 in human (Ser77 in mouse eEF2-k), causing increased stability of eEF2-k, strengthening inhibitory eEF2 at Thr56 phosphorylation and resulting in an increased translational efficiency when Mg2+ is available (16). The channel kinase of TRPM7 participates in the regulation of cell migration by modulating phosphorylation of annexin 1 (47–50), myosin IIA (51–53) and calpain (54) in response to various stimuli in tumor cells. In the present study, we evaluated TRPM7 channels' properties using a deletion mutant of human TRPM7 in which the entire kinase domain was removed following amino acid 1569 (TRPM7 Δkinase or M7-DK) and a mutant with a point mutation in the ATP binding site of the α-kinase domain (K1648R, or M7-KR). We found that the channel activity of TRPM7 is required for cell growth while the kinase domain is required for cell migration/invasion. This finding is important for designing and developing drugs targeting TRPM7 in human malignancies.

Among 2,588 mature and 1,881 precursor human miRNA sequences in 12 miRNA databases, 365 miRNAs were found to be deregulated in glioblastoma (55). The genes targeted by the deregulated miRNAs in glioblastoma include many pathways such as cell growth/proliferation, apoptosis, invasion and metastasis, angiogenesis, autophagy, and drug resistance (56). miR-28-5p was found to interfere with genes involved in cell replication and cell cycle checkpoints (57). In glioblastoma, the role of miR-28-5p has not yet been fully explored, but its structurally related miR-708 was demonstrated to inhibit glioblastoma cell proliferation by targeting EZH2, AKT1, MMP2, CCND1, Parp-1, and Bcl-2 (58). Our results suggest that miRNA changes demonstrate different glioma tumorigenicity, and miR-26b-5p, miR-4530, and miR-28-5p are regulated by TRPM7 and participate in glioma progression. In the present study, we further elucidated the TRPM7/miR-28-5p/Rap1b axis in gliomagenesis using multiple cell lines with different mutational status. Our results showed that miR-28-5p inhibits glioma cell proliferation and invasion by targeting its downstream Rap1b gene, and miR-28-5p is regulated by TRPM7.

Functional analyses of miR-28-5p revealed tumor suppressive properties caused by the inhibition of Rap1b, E2F6, IGF-1, IL-34, and AKT. A study reported that miR-28-5p inhibited cell proliferation and migration by directly suppressing Rap1b gene in renal cell carcinoma (31). In prostate cancer, the miR-28-5p targeted E2F6 and induced apoptosis in DU-145 cells (7). The ectopic miR-28-5p expression downregulates insulin-like growth factor 1 (IGF1) protein and the expression of miR-28-5p correlates negatively with IGF1 protein level in hepatocellular carcinoma (HCC) cells, which indicate that miR-28-5p-IGF1-PI3K/AKT pathway may play an important role in the development of HCC (10). IL-34 is a direct downstream target of miR-28-5p whose expression is inversely correlated with IL-34 expression (30). Lastly, miR-28-5p may act as a tumor suppressor gene, which inhibited the invasion and metastasis of gastric cancer by inhibiting the activation of the AKT signaling pathway (8). By contrast, miR-28 also served as a tumor promoting factor in some specific tumors. For instance, it is a thrombopoietin receptor (TpoR, MPL) targeting miRNA, which is overexpressed in the platelets of patients with myeloproliferative neoplasms (MPNs) and its negative role in megakaryocyte differentiation leads to MPNs through the downregulation of MPL (59). In the process of ovarian cancer development and progression, miR-28-5p downregulates N4BP1, forces cancer cells to enter S phase, and promotes ovarian cancer cell proliferation and invasion (29). Taken together, miR-28-5p can function as either tumor suppressor genes or oncogenes, reflecting cell type-specific and tissue-specific roles of this miRNA.

miRNAs are involved in diverse biological processes by binding to different regions of the target mRNA sequences, such as the 3′-untranslated regions, coding sequences, or 5′-untranslated regions. The same hairpin RNA structure can produce mature miRNAs from each strand, named 5p and 3p, that can bind to different mRNAs (60). Almeida et al. (60) found that strand-specific 5p and 3p of miR-28-5 have distinct functions in colorectal cancer cells, where miR-28-5p suppressed cell proliferation, resulting in apoptosis and G1 arrest in the cell cycle, while miR-28-3p had no influence on proliferation in vitro. In addition, miR-28-5p and miR-28-3p had opposite effects on migration and invasion in vitro, with miR-28-5p decreasing cell migration and miR-28-3p increasing cell migration, which appears to be independent of cell growth. Overall, miR-28-3p overrides miR-28-5p to promote colorectal cancer cell metastases in vivo. The contrasting biological effects caused by miR-28-5p and miR-28-3p might be partly due to their binding to different targets where miR-28-5p targets CCND1 and HoxB3 while miR-28-3p targets Nm23-H1. In HCC, Kaplan-Meier's analysis showed that HCC patients with miR-28-5p overexpression, but not with miR-28-3p overexpression, had better overall survival rate. Girardot et al. (59) identified two miRNAs that are closely related to miR-28. miR-151 and miR-28 share 80% sequence identity, while miR-708 share 68% sequence identity with miR-28 and 71% with miR-151. All three miRNAs targeted the MPL 3′ UTR for translational inhibition. However, the combination of miR-28 with miR-151 and miR-708 did not produce synergic inhibition due to all targeting the same sequence in the 3′UTR of MPL.

The normal physiological role of the small GTP-binding protein Rap1 is to antagonize Ras mitogenic signals. However, in 1998, Altschuler et al. first revealed that Rap1 is a conditional oncoprotein (61). Later, Rap1 was demonstrated to be required for pancreatic and prostate cancer cell metastasis and angiogenesis but not for the proliferation properties of these cancer cells (62). In 2014, Sayyah's group published the first study showing that this small G-protein is required for glioblastoma cell growth in vitro by activating downstream signaling of G-protein-coupled receptor and RhoA utilizing Rap1 knockdown techniques. However, they stated that this critical role was caused by the isoform Rap1a, not Rap1b (32). Rap1a and Rap1b are 95% homologous, but differences in subcellular localization of two isoforms and their mechanisms of activation resulted in their distinctive functions and roles in glioblastoma cell proliferation (63, 64). In this study, we found Rap1b demonstrated the mitogenic roles in both glioma cell proliferation and invasion.

A positive correlation has been shown between TRPM7 and Rap1b in Figure 4A. There are several possible mechanistic links between the two proteins. First, they may connect to each other by miR-28-5p. In this study, we showed that TRPM7 downregulated miR-28-5p, while miR-28-5p downregulated Rap1b; this is likely one mechanism of a positive correlation between TRPM7 and miR-28-5p. Second, TRPM7 and Rap1b may be connected by Notch signaling. In hematopoietic stem cell development, Integrin-mediated cell adhesion was promoted by Notch-regulated Rap1b signaling (65); while our published data also demonstrated that TRPM7 regulated the Notch pathway in gliomagenesis (1).

Taken together, the discovery of cellular and molecular targets modulated by the tumor suppressor miR-28-5p and its upstream regulator TRPM7 molecule provides key insights into the potential mechanisms of glioma tumorigenesis and suggests novel therapeutic targets for glioma treatments.
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