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Abstract

:

Hsa-miR-1587 has been found to be capable of forming G-quadruplex structures and is overexpressed in multiple cancer cell lines. Here, we explored the interactions between miR-1587 and proteins. HuProt™ human proteome microarray was utilized to screen the binding proteins, and it was discovered that CASK could bind to miR-1587 on the base of the G-quadruplex structure. Moreover, reelin and p21, which are downstream of CASK, were downregulated both transcriptionally and translationally by miR-1587, uncovered by q-RT-PCR and Western blot assays. Bioinformatic analysis was performed on STRING and Panther platforms, leading to the discovery that miR-1587 may be involved in intracellular metabolic and transcriptional physiological processes. This study explores the interaction of hsa-miR-1587 with proteins and provides a new strategy for the regulation of G-rich microRNA’s function.
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1. Introduction


MicroRNA (miRNA/miR) plays an important role in the normal physiological processes and abnormal pathology [1] of cells. Therefore, research on the relationship between microRNA and disease has enormous potential, including the regulation of cancer-related pathways, cell cycle control, and DNA damage. This investigation in the role of microRNA has already been involved in clinical studies and has confirmed its function as a critical biomarker for disease diagnosis and a target for cancer treatment. The earliest research on the relationship between microRNA and cancer was reported in chronic lymphocytic leukemia (CLL) [2], leading to the attention of related studies. MicroRNA expression is generally downregulated in tumors, and their different expression contribute to distinguishing normal and cancerous tissues, as well as identify the origin of tissues in some cancers [3,4].



The research regarding interactions between microRNA and mRNA has grown substantially over the previous two decades, and the studies of interactions between microRNA and protein have been developing gradually. Different binding proteins including the AGO family, have shown different binding properties to microRNA (miRBPs). The interaction between microRNA and protein can be divided into three classes. The first class is the competition mechanism. Some miRBPs compete with AGO2 for binding to microRNA, thereby hindering the functioning of microRNA [5,6,7]. Second is the transfer effect; miRBPs can also transmit microRNA to AGO2, which works together to complete microRNA-related regulation [5,8,9]. In addition, AGO2 binds to microRNA to regulate the activity of other genes, whereas, in fact, its own expression activity is regulated by microRNA in return. For example, miR-346 binds to the 3′-UTR of AGO2, which is mediated by GRSF protein, and could be identified as an activation effect [10]. In addition, Lin28 will recruit TUT4/PUP-2 to let-7 precursors for mediating terminal uridine, thus preventing Dicer binding and let-7 maturation, leading to microRNA synthesis blocking [11]. Another interesting model is the interaction between hnRNP E and miR-328 [12], which functions as an RNA decoy to interact with hnRNP E2 and modulate CEBPA finally.



A microRNA database (www.mirbase.org/index.shtml, accessed on 20 July 2021) was explored and more than 100 G-rich microRNAs were discovered, of which several are putative G-quadruplex sequences. A previous study reported that the mature G-rich sequence hsa-miR-1587 (UUGGGCUGGGCUGGGUUGGG) could fold into a G-quadruplex structure by ESI-MS, NMR, and CD spectroscopy [12], and is highly expressed in HeLa cells. Hsa-miR-1587 could be secreted through exosomes released by glioma-associated mesenchymal stem cells, and the downstream molecule NCOR1 was suppressed in glioma stem cells, leading to the enhancing proliferation, colony formation, and promoting tumor progression [13]. Despite the importance of hsa-miR-1587, its interaction with proteins has rarely been studied.



This study selected the G-rich hsa-miR-1587 as an example to probe the interactions between microRNA G-quadruplex and proteins, and CASK was found to be an has-miR-1587 target. CASK is a multi-domain scaffold protein that is essential for synaptic membrane protein anchoring and ion channel transport, and the interaction suggested an important regulation approach to microRNA.




2. Results and Discussion


2.1. Different Structures of miR-1587 Bound to Different Proteins


10 OD FAM-labeled miR-1587 was divided into two portions, and the first solution was 30 mM Tris-HCl, 150 mM KCl, while the second was 30 mM Tris-HCl only, followed by annealing from 95 °C to 4 °C incrementally. According to a previous study [13], miR-1587 in the first condition formed a stable parallel strand G-quadruplex structure, while the miR-1587 in the second condition remained primarily unbound in its free form conformation. Hsa-miR-1587 with G-quadruplex and in its free form were incubated and eluted with two proteome chips, respectively, and proteins which bound to miR-1587 could be detected because of FAM function labeled on the microRNA sequence. Multiple studies have applied FAM for G-quadruplex labeling [14,15] since it has high sensitivity and does not influence the structure and result. Positive and negative spots were designed as control spots to confirm the microarray quality, and those control spots can be viewed in Figures S1 and S2. GenePix 4200A (Axon Instruments, Molecular Devices, San Jose, CA, USA) was utilized to detect the FAM function at the wavelength of 488 nm and obtain the raw data, followed by GenePix Pro-6.0 software analysis. The SNR values were calculated as previously described [16] and then sequenced to evaluate the binding intensity between miR-1587 and proteins.



Figure S1 showed the chip containing the G-quadruplex structure and the sorted 47617 SNR data, with a cutoff value of 3. One hundred and eighty-two kinds of proteins were revealed to belong to the top 1% of the total protein number, 19394. Therefore the 182 kinds of proteins were shown to be miR-1587 G-quadruplex binding proteins (Table S1). In contrast, for the chip containing free-form miR-1587, the cutoff value was set to be 1.30, and the first 133 proteins were obtained, as shown in Figure S2 and Table S2. The binding proteins were different according to different miR-1587 structures, and Figure 1 showed the classification difference.



In the molecular function classification, the binding-related protein in the chip of free-form miR-1587 decreased by 20% compared to the chip of the G-quadruplex structure. In addition, the protein with catalytic activity increased to 60.4%, which showed obvious differences. The primary difference caused by the two conditions was the miR-1587 structure. Based on the results of the experiment, we can infer that different microRNA can bind to different proteins and that the secondary structure can influence the interactions between microRNAs and proteins. Here are some examples to better understand our results. Nuclear factor NF-κB is a well-known transcription factor present in most cells and is responsible for a series of signal transduction. Our results showed that miR-1587 in the G-quadruplex structure can bind to NF-κB while free-form miR-1587 could not. In addition, free-form miR-1587 could bind to WNT6, which is a transmembrane receptor related to gastric cancer, while the G-quadruplex could not. Hence, the different structures showed different binding properties with important regulators in cells, suggesting the miR-1587 may modulate cell processes through its structure.



According to the biological process and cellular component analysis, the proteins which ranked at the front of the list are different, although not as obvious as in molecular functional classification. The results provide supplementary support for the role the structure plays in microRNA–protein interactions.



The STRING platform helps in analyzing the molecular function of proteins. Figure S3 showed the binding protein’s functional network from miR-1587 in the G-quadruplex and free-form structure. When miR-1587 was present as a G-quadruplex conformation, the binding protein was more dispersed on the long-term functional line, on the other hand, free-form miR-1587 binding proteins were discrete and no obvious functional pathway was found. Neither of the STRING analyses had shown a concentrated protein cluster in the previous study [16], which may be related to the interaction mechanism. Furthermore, there was a big difference between the two assays in molecular function. The abundance of binding proteins and catalytic active proteins were both estimated to be 40% in the G-quadruplex assay, however, the abundance of binding proteins decreased to about 20% and catalytic active proteins increased to about 60% in the free-form miR-1587 assay, indicating that the different secondary structures prefer to bind to different proteins. In addition, for many specific proteins, the binding SNRs between the two assays were significantly different. For example, CASK ranked 10th in the G-quadruplex miR-1587 assay while ranked about 2000th in the free-form miR-1587 assay, and Supt6 ranked 17th in the G-quadruplex miR-1587 assay while ranked over 2000th in the free-form miR-1587 assay, respectively, indicating G-quadruplex formation benefited microRNA and protein interaction for these proteins. In contrast, some proteins exhibited higher SNRs in the free-form miR-1587 assay compared to the G-quadruplex miR-1587 assay, such as CCDC130, NAA16, BIRC5, implying the formation of G-quadruplex sometimes blocked microRNA and protein interactions.




2.2. miR-1587 in G-Quadruplex Structure Bound to CASK


By contrasting the SNR values between the two assays, the binding properties of different proteins could be analyzed. CASK was found to bind to miR-1587 in the G-quadruplex structure with a SNR of 8.75, which was ranked 10th, belonging to 0.1% in the whole microarray assay proteome and indicating strong binding affinity between the CASK protein and miR-1587 G-quadruplex. In contrast, the binding SNR with free-form miR-1587 was 1.07, implying similar signal intensity with background, which could be considered as no combination.



HuProt™ human proteome microarray assay has been performed for RNA–protein interactions in multiple studies. Different RNA probes, which could be considered as random control samples, were used for RNA-binding protein (RBP) screening [17,18,19], and CASK was not selected as potential RBP in any of these studies, consistent with our hypothesis that the interaction was based on microRNA G-quadruplex rather than RNA nucleotides.



CASK regulates neurodevelopment and gene expression, and it also binds to cell surface proteins, including myeloid precursor proteins, neurexins, and syndecans. The association between the extracellular matrix and the actin cytoskeleton can be mediated by the interaction between CASK and syndecan and actin/hemagglutinin binding proteins. CASK protein was selected as a research target because of its important function in cells. Figure 2 shows the comparison between the CASK imaging results from two chips.



As the main bearer of biological function, proteins play an important role in various life activities and are important targets for disease treatment. With the development of experimental technology, the structural resources of biological macromolecules and ligands have been gradually enriched. The evolution of computer technology in recent decades has made it possible for molecular simulation docking. The advantages of rationality and efficiency help to reduce the blindness of experimental research and accelerate the research development, thus the computer simulation method was performed to investigate the binding pattern between miR-1587 G-quadruplex and CASK.



ESI-MS and CD results provided evidence that miR-1587 formed a three-layer parallel G-quadruplex structure in vitro, and RNaseT1 footprinting experiment had been used to determine the bases involved in G-quadruplex, therefore, the three-dimensional structure of miR-1587 G-quadruplex could be simulated by molecular dynamics.



More than two thousand kinds of known human protein structures have been used to establish a protein library, and miR-1587 G-quadruplex was simulated to dock with these proteins, respectively. Finally, less than ten kinds of combinations were selected including CASK.



The docking result from AutoDock4 is shown in Figure 3, and Figure 3a displays the CASK skeleton in ribbon pattern, while Figure 3b shows the overall structure in surface pattern to clarify the structure of the embedded interaction. It was obvious that the side of the G-quadruplex formed by miR-1587 had a surface similarity to the side of the α-helix and β-sheet of the CASK protein, thus multiple positions of bonding were available, suggesting the binding could remain stable.



The docking result of other proteins with miR-1587 is shown in Figure S4, which displayed seven proteins that were receivable for docking. Based on the surface of the protein and the amino acid type, the proteins had different docking patterns with miR-1587 G-quadruplex, which might help further research.




2.3. miR-1587 G-Quadruplex Influenced CASK Downstream Genes Reelin and p21


The protein microarray assay and computer simulations indicated that miR-1587 could bind to CASK based on the G-quadruplex structure. Furthermore, the downstream changes caused by miR-1587 were verified via q-RT-PCR and Western blot.



Reelin is a downstream gene of CASK [20], and recently, CASK and reelin were found to be overexpressed in human esophageal cancer [21], transcriptionally and translationally, leading to a deep exploration of them in disease research. It was found that the mRNA and protein levels of reelin were downregulated after miR-1587 transfection, as shown in Figure 4.



Figure 4a shows the q-RT-PCR result, with β-actin as a control, and it was clear that the mRNA level of reelin decreased with the increase in miR-1587 concentration. The transcription level declined to about 40% at 5 μM of miR-1587, indicating obvious inhibition. Figure 4b displays the Western blot assay result, and Figure 4c shows the histogram of the Western blot imaging result, demonstrating that protein expression decreased which was consistent with the transcription inhibition. The q-RT-PCR experiment result suggested that the binding between miR-1587 and CASK could influence the downstream gene reelin and showed effective inhibition.



P21, which is another downstream target of CASK, has multiple biological functions, including mediating G1 arrest [22] and regulating cell apoptosis [23,24]. Rongju [25] found that overexpression of human CASK resulted in a decrease in cell growth rate, and then confirmed that CASK modulated p21 mRNA and protein levels and activates p21 expression in a time-dependent manner, therefore, CASK and p21 could be regarded as regulation targets.



The q-RT-PCR assay showed that the mRNA expression of p21 decreased with the miR-1587 concentration increasing and changed to about 35% at 1 μM of miR-1587, as shown in Figure 5a. In addition, Figure 5b displays the Western blot result and it was obvious that p21 protein expression was downregulated with the increase in miR-1587 concentration. According to the quantitative results shown in Figure 5c, the translation level declined to about 38% when the concentration of miR-1587 was 1 μM, which was consistent with the q-RT-PCR result, indicating that miR-1587 could inhibit CASK downstream proteins.



A similar regulation trend was observed (Figure S5) within 293T and A549 cell lines using the Western blot assay, indicating the regulation of miR-1587 and CASK could function in multiple cell lines.



Based on the investigation, we could draw the miR-1587 regulation scheme, as shown in Figure 6. Mature miR-1587 of the G-quadruplex form could bind to the CASK protein, leading to downregulation of CASK downstream gene reelin and p21, which might even influence intracellular signaling pathways, which would be a new regulatory approach.





3. Materials and Methods


3.1. Materials


The miR-1587 sample and PCR primers were purchased from TaKaRa Biotechnology (Dalian, China) and RuiBiotech (Beijing, China). Anti-reelin and anti-p21 antibodies were purchased from Abcam (Cambridge, UK), ABclonal (Wuhan, China), and Beyotime (Shanghai, China). Lipo2000 was purchased from Invitrogen (Thermo Fisher Scientific, San Francisco, CA, USA). DMEM (Corning, Glendale, AZ, USA), 10% fetal bovine serum (CellMax, Sunnyvale, CA, USA), Opti-MEM (Gibco, Thermo Fisher Scientific, San Francisco, CA, USA), 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, San Francisco, CA, USA) were used for cell culture.




3.2. Human Proteome Microarray Assay


A human proteome microarray assay was carried out on HuProt™ microarray (CDI, Mayaguez, PR, USA). FAM-labeled miR-1587 (10 OD) was divided into two portions, each containing 3 mL of sample, with a final concentration of 7.8 μM. The first solution was 30 mM Tris-HCl, 150 mM KCl and the second solution was 30 mM Tris-HCl. Both samples were cooled incrementally from 95 °C to 4 °C.



The proteome microarray was carried out as previously described [16]. Proteome microarrays were blocked with blocking buffer (1% BSA in 0.1% Tween-20; TBST) for 1 h at room temperature with gentle shaking. MiR-1587 samples were incubated on the proteome microarray at room temperature for 1 h. The microarrays were washed with TBST three times for 5 min in each washing. The microarrays were spun dry at 250 g for 3 min and were scanned at 488 nm with a GenePix 4200A microarray scanner (Axon Instruments, Molecular Devices, San Jose, CA, USA) to visualize and record the results. GenePix Pro-6.0 software (Axon Instruments, Molecular Devices, San Jose, CA, USA) was used for data analysis. This experiment was accomplished in Shengce Tao’s Lab (Shanghai Center for Systems Biomedicine, Shanghai, China) with help from Chengxi Liu.




3.3. Computer Simulation


The PDB files on the human protein from RCSB Protein Data Bank were examined by SYBYL 7.0 software (Tripos Inc., St. Louis, MO, USA) to remove all the ligands and examined the integrity of sequences. If the structure was incomplete, the SWISS-MODEL platform was used to reconstruct a complete sequence and three-dimensional structure information of the protein, and 1231 kinds of protein files were modified in total. The molecular docking (AutoDock4 [26] in DOVIS 2.0 [27]) was carried out between the miR-1587 G-quadruplex structure and all the protein structures. The docking results were analyzed and evaluated one by one to increase reliability.




3.4. Quantitative Real-Time PCR


All cells were cultured in 5% CO2 at 37 °C. No more than 5 × 105 HeLa/293T/A549 cells were plated in each well of the 6-well plates, and no more than 1 × 105 cells were plated in each well of the 12-well plates. Cells were fasted in DMEM without FBS or penicillin-streptomycin for 4 h after adherence, followed by transfection of miR-1587 through Lipo2000. We diluted Lipo2000 reagent and miR-1587 of different concentrations in Opti-MEM and incubated for 15 min at room temperature after mixing both parts, then added the mixture into DMEM medium without FBS or penicillin-streptomycin. The final concentration of Opti-MEM was 50%, the final concentration of Lipo was 15 μL/mL while miR-1587 concentrations were 0, 10 nM, 100 nM, 200 nM, 500 nM, 1 μM, and 5 μM in HeLa sets, respectively. The transfection was kept for 6 h and then the medium was replaced by DMEM with 10% FBS and 1% penicillin-streptomycin and cells were harvested at 24 h. Two independent sets of HeLa cells were employed for Western and PCR, and three independent sets (0, 0.1 nM, 1 nM, 10 nM) were designed for 293T and A549 cell lines.



Total RNA was extracted using TRIzol reagent (Xinjingke, Beijing, China) and was measured using a NanoDrop 1000 (Thermo Scientific, San Jose, CA, USA). Then, 1 μg of total RNA was used for cDNA synthesis by TransScript II All-in-One First-Strand cDNA Synthesis SuperMix for qPCR Kit (#AH341, TransGen Biotech, Beijing, China) in a volume of 20 μL at 55 °C for 15 min and at 85 °C for 5 s. Next, the product was diluted to a final volume of 200 μL in preparation for PCR. Quantitative real-time PCR (q-RT-PCR) reactions were carried out in a volume of 20 μL containing TransStart Tip Green qPCR SuperMix (#AQ141, TransGen Biotech, Beijing, China), 0.2 μM of forward and reverse gene-specific primers, and 5 μL of cDNA. An Eppendorf Realplex Real-time PCR System was used to detect the optical reactions of the target gene, β-actin was used as a control. The q-RT-PCR was conducted at 94 °C for 2 min, followed by 40 cycles of 94 °C for 5 s, 55 °C for 15 s, and 72 °C for 10 s; melting curves were measured to confirm the amplification specificity.



Primer sequence information: Reelin-F (5′-CAACCCCACCTACTACGTTCC-3′), Reelin-R (5′-TCACCAGCAAGCCGTCAAAAA-3′), p21-F (5′- TGTCCGTCAGAACCCATGC-3′), p21-R (5′-AAAGTCGAAGTTCCATCGCTC-3′), beta-actin-F (5′-TTTTGGCTATACCCTACTGGCA-3′), beta-actin-R (5′- CTGCACAGTCGTCAGCATATC-3′).




3.5. Western Blot


The cell culture, transfection, and incubation were the same as described in the Section 3.4. The cells were then lysed in lysis buffer, and a protein solution was obtained after centrifugation and boiling for 5 min at 95 °C. Total protein of each sample was separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The samples were then transferred onto 0.45 μm PVDF membranes at 300 mA for 90 min. After transferring, the membrane was blocked with 5% non-fat milk for 0.5 h at room temperature (RT), and then membranes were incubated with primary antibodies (Reelin 1:1000, p21 1:1000, GAPDH 1:2000) at 4 °C overnight, and then for 0.5 h with secondary antibodies at 25 °C. The membranes were washed with PBST after every incubation. The Immobilon Western Kit (Millipore, Billerica, MA, USA) was used for chemiluminescent detection, and ImageJ was used for quantitative analysis.




3.6. Bioinformatic Analysis


In this paper, DAVID (https://david.abcc.ncifcrf.gov, 29 May 2016) was employed to convert formats of gene lists into gene IDs, which could be better recognized by other tools such as STRING or Panther. In the “Multiple proteins” part, after importing proteins’ names and defining the organism as homo sapiens, STRING (https://www.string-db.org, 22 May 2016) could recognize the assigned protein while ignoring the nonassigned ones. STRING also provided the interaction pattern within the imported protein list, and the pattern could be modified by removing some isolated molecules, which helped us focus on the main functional interactions. Then, we applied the gene ID or name into Panther analysis (http://www.pantherdb.org/, 5 June 2016), which could provide the functional classification of imported genes.





4. Conclusions


In this study, we carried out the HuProt™ human proteome microarray assay and confirmed that binding protein populations are different according to different miR-1587 structures. In particular, CASK could bind miR-1587 G-quadruplex and computer simulations displayed the docking pattern. Furthermore, CASK downstream genes reelin and p21 were downregulated by miR-1587 both transcriptionally and translationally. This research investigated the interaction between miR-1587 G-quadruplex and proteins, especially CASK, and offers new possibilities for exploring G-rich microRNA.
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Abbreviations




	miRNA/miR
	MicroRNA



	CASK
	Calcium/Calmodulin-Dependent Serine Protein Kinase



	CLL
	Chronic Lymphocytic Leukemia



	AGO
	Archipelago



	miRBP
	MicroRNA Binding Protein



	3′-UTR
	3′-Untranslated Regions



	GRSF
	Guanine-Rich Sequence Factor



	TUT4
	Terminal Uridylyltransferase 4



	PUP-2
	PAP-Associated Domain-Containing Protein



	hnRNP
	Heterogeneous Nuclear Ribonucleoprotein



	CEBPA
	CCAAT Enhancer Binding Protein Alpha



	ESI-MS
	Electrospray Ionization Mass Spectrometry



	CD
	Circular Dichroism



	NMR
	Nuclear Magnetic Resonance



	NCOR1
	Nuclear Receptor Corepressor 1



	q-RT-PCR
	Quantitative Real-Time Polymerase Chain Reaction



	BSA
	Bovine Serum Albumin



	TBST
	Tris Buffered Saline with Tween



	DMEM
	Dulbecco’s Modified Eagle’s Medium



	FBS
	Fetal Bovine Serum



	SDS-PAGE
	Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis



	GAPDH
	Glyceraldehyde-3-Phosphate Dehydrogenase



	PBST
	Phosphate-Buffered Saline with Tween



	SNR
	Signal to Noise Ratio



	NF-κB
	Nuclear Factor kappa B



	WNT6
	Wingless-Type MMTV Integration Site Family, member 6



	CCDC130
	Coiled-Coil Domain Containing 130



	NAA16
	N-Alpha-Acetyltransferase 16, NatA auxiliary subunit



	BIRC5
	Baculoviral IAP Repeat Containing 5
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Figure 1. Panther analysis of the comparison between 182 kinds of G‒quadruplex binding proteins and 133 free from binding proteins in (a) Molecular Function, (b) Biological Process, and (c) Cellular Component. In the molecular function classification, the binding-related protein in the chip of free-form miR-1587 decreased, and the protein with catalytic activity increased, which showed obvious differences. In the biological process classification, the cellular process proteins in the chip of free-form miR-1587 decreased while the response to stimulus-related protein displayed obvious improvement. In the cellular component classification, both cell part and organelle-related protein decreased, while macromolecular complex related molecules increased. 
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Figure 2. The imaging results of CASK in (a) chip of miR-1587 in the G-quadruplex structure (b) chip of miR-1587 in free form. The miR-1587 was labeled by FAM and the proteins were fixed on the surface of chips, leading to the acknowledgment that the fluorescence signals indicated the binding between miR-1587 and the protein in a specific area. This figure indicates that CASK could bind to the miR-1587 in the G-quadruplex structure but could not bind to miR-1587 in free form. 
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Figure 3. Computer simulation result of miR-1587 G-quadruplex and CASK docking in (a) ribbon pattern (b) surface pattern. As shown in (a), the G-quadruplex structure (left part, green) could bind to the CASK side of the α-helix and β-sheet, and (b) shows the G-quadruplex formed by miR-1587 had a surface similarity to CASK, possibly through multiple positions of bonding. 
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Figure 4. Reelin was down-regulated by miR‒1587 in HeLa cells. (a) q-RT-PCR results for reelin, with β-actin as a control. (b) Western blot of reelin, with GAPDH as a control. (c) Histogram of reelin protein levels at different miR‒1587 concentrations. Data were obtained through two independent sets of HeLa cells and the regulation results of each set were applied for analysis. 






Figure 4. Reelin was down-regulated by miR‒1587 in HeLa cells. (a) q-RT-PCR results for reelin, with β-actin as a control. (b) Western blot of reelin, with GAPDH as a control. (c) Histogram of reelin protein levels at different miR‒1587 concentrations. Data were obtained through two independent sets of HeLa cells and the regulation results of each set were applied for analysis.



[image: Ijms 22 10716 g004]







[image: Ijms 22 10716 g005 550] 





Figure 5. P21 was downregulated. (a) q-RT-PCR results for p21, with beta-actin as a control. (b) Western blot of p21, with GAPDH as a control. (c) Histogram of p21 protein levels at different miR‒1587 concentrations. Data were obtained through two independent sets of HeLa cells and the regulation results of each set were applied for analysis. 
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Figure 6. Scheme of miR-1587 regulation. Mature miR-1587 could bind to CASK protein in G-quadruplex form, and the binding could influence CASK downstream gene reelin and p21. It might even influence intracellular signaling pathways, which would be a new regulatory approach. 
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