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Objective: Abnormal proliferation or migration of vascular smooth muscle cells (VSMCs) can lead to vessel lesions, resulting in atherosclerosis and in stent-restenosis (IRS). The purpose of our study was to establish the role of miR-378a-5p and its targets in regulating VSMCs function and IRS.

Methods: EdU assays and Cell Counting Kit-8 (CCK-8) assays were applied to evaluate VSMCs proliferation, wound healing assays and transwell assays were applied to assess cells migration. Furthermore, quantitative reverse transcription–polymerase chain reaction (qRT-PCR) was performed to investigate the expression level of miR-378a-5p IRS patients and healthy individuals. Target genes were predicted using Target Scan and miRanda software, and biological functions of candidate genes were explored through bioinformatics analysis. Moreover, RNA-binding protein immunoprecipitation (RIP) was carried out to analyze the miRNAs interactions with proteins. We also used Immunofluorescence (IF) and fluorescence microscopy to determine the binding properties, localization and expression of miR-378a-5p with downstream target CDK1.

Results: The expression of miR-378a-5p was increased in the group with stent restenosis compared with healthy people, as well as in the group which VSMCs stimulated by platelet-derived growth factor-BB (PDGF-BB) compared with NCs. MiR-378a-5p over-expression had significantly promoted proliferative and migratory effects, while miR-378a-5p inhibitor suppressed VSMC proliferation and migration. CDK1 was proved to be the functional target of miR-378a-5p in VSMCs. Encouragingly, the expression of miR-378a-5p was increased in patients with stent restenosis compared with healthy people, as well as in PDGF-BB-stimulated VSMCs compared with control cells. Furthermore, co-transfection experiments demonstrated that miR-378a-5p over-expression promoted proliferation and migration of VSMCs specifically by reducing CDK1 gene expression levels.

Conclusion: In this investigatory, we concluded that miR-378a-5p is a critical mediator in regulating VSMC proliferation and migration by targeting CDK1/p21 signaling pathway. Thereby, interventions aimed at miR-378a-5p may be of therapeutic application in the prevention and treatment of stent restenosis.
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INTRODUCTION

Coronary artery disease (CAD) is a serious disease threatening human health with its high mortality rate. Percutaneous Coronary Intervention (PCI) and stent implantation are commonly applied in the treatment of these obstructive diseases (Feinberg, 2014; Buccheri et al., 2016). However, there will be new atherosclerosis around stent implantation, and this will further increase the rate of restenosis after stent implantation (Wang H. et al., 2015; Liu et al., 2018). As a foreign substance, a scaffold can cause damage to the tunica intima, followed by inflammation and platelet aggregation in the damaged areas; resulting in the formation of plaque and thrombosis in the long term (Liu et al., 2018; Tang et al., 2018). And after stent implantation, endothelialization occurs gradually which cannot be removed from the blood vessels again; so, if in-stent restenosis occurs, stent implantation must be repeated (Alfonso et al., 2006; Finn et al., 2007). Aberrant proliferation and migration of Vascular smooth muscle cells (VSMCs) were identified as the main causes of these adverse events (Krist et al., 2015; Afzal et al., 2016; Huang et al., 2017). When VSMCs are stimulated, they promote the transfer of VSMCs from tunica media to tunica intima, from the contractile to the secretory, while stimulating free VSMCs and fibroblasts to secrete a large amount of extracellular matrix; the extracellular matrix is continuously deposited in the blood vessels, causing the intima to gradually thicken, resulting in stenosis (Braun-Dullaeus et al., 1998). Consequently, investigating key regulators and understanding the molecular mechanisms of VSMC biology has become a major method of treating atherosclerosis and stent restenosis.

MicroRNA (miRNA) is a type of small non-coding RNA that negatively modulates gene expression through mRNA translation repression or the induction of target mRNA instability (Gareri et al., 2016). Mounting shreds of evidence suggested that several miRNAs play critical roles in regulating VSMC proliferation and migration, such as miR-133, miR-221, miR-222, miR-663, miR-143, and miR-145 (Liu et al., 2009; Xin et al., 2009; Li et al., 2013; Mcdonald et al., 2015). Altering the expression of miRNA may have therapeutic potential in the prevention and treatment of stent restenosis.

It has been reported that the expression levels of miR-378a-5p in cardiac myocytes increased under some external stimuli (Wang et al., 2017; Rui et al., 2018). MiR-378a-5p is involved in the biological functions of some tumor cells (Luo et al., 2012), promoting proliferation in some tumor cells, and inhibiting proliferation in some others (Wang Z. et al., 2015). Considering that there may be tissue specificity associated with miR-378a-5p. However, the effect of miR-378a-5p in the regulation of VSMC biology remains unknown. The objective of the study is to investigate the potential roles of miR-378a-5p, as well as the molecular mechanisms of VSMCs proliferation and migration. Firstly, we screened and identified differential expression of miR-378 in patients with stent restenosis, then we studied the effect of up-regulation and down-regulation miR-378a-5p on the biological function of VSMCs. We also found that CDK1 was a potential gene target for the miR-378a-5p. Meanwhile, p21 may be the downstream target of CDK1. Consequently, miR-378a-5p is a key modulator to regulate proliferation and migration of VSMC partly by modulating the level of CDK1 gene expression. In this way, we have enough reason to believe that miR-378a-5p could be used as a diagnostic marker for early diagnosis, monitoring, and treatment of molecular targets for stent restenosis.

MATERIALS AND METHODS

Blood Samples Acquisition and Baseline Clinical Characteristics Collection

Thirty-two persons were collected at the affiliated hospital of Qingdao University in Qingdao, China from June 2017 through February 2018. According to whether ISR was detected, they were classified into two groups: (1) The ISR group (n = 14): ISR is defined as a diameter stenosis greater than 50% in coronary angiography that occurs within the stent or 5 mm at the proximal or distal end of the stent; (2) The normal group (n = 18): 18 healthy persons without coronary heart disease as the control group. Basic information of all individuals collected, including age, gender, history of diabetes, drinking, hypertension, and smoking was noted. The research was supported by the Institutional Review Boards of Qingdao University Health Science Center. Paper version of informed consent was acquired from all subjects and the regional ethics committee in Qingdao, China approved the study protocol. The information of all clinical people is displayed in Supplementary Table 3.

Test Animals

All experimental laboratory animals were approved by the Animal Care and Use Committee. C57BL/6 and ApoE-/- mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. There were 3 mice in each group. The control group was given a normal diet, the experimental group was given a western diet (conventional mouse feed+0.15% cholesterol+21% fat) for 12 weeks, then cardiac blood was collected from mice weighing 25–30 g for further experiments.

Cell Culture

The VSMC was purchased from the Chinese Type Culture Collection (Chinese Academy of Sciences, Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (GIBCO, Grand Island, NY, United States) containing 10% fetal bovine serum (ExCell Bio.) in a 5% CO2 humidified incubator at 37°C. MiR-378a-5p mimics, miR-378a-5p inhibitor and negative control oligonucleotide (NC) (GenePharma, Shanghai, China) were transfected into the VSMCs using LipofectamineTM 2000 (Invitrogen, Grand Island, NY, United States).

Western Blot Analysis

Cells lysates were prepared in buffer mixture containing 1 ml RIPA (Solarbio, Beijing, China), 0.1 mM PMSF reagent and a protease inhibitor cocktail (Roche, Basel, Switzerland) for 10 min on ice, after which protein samples were separated by 10% SDS–PAGE, then transferred into 0.45 μm polyvinylidene difluoride (PVDF) membrane, membranes were blocked with 5% not-fat milk in Tris-buffered saline-Tween 20 (TBS-T) for 1 h. And incubated with a rabbit anti-CDK1 monoclonal antibody (1:10000 dilution; Abcam, MA, United States) or anti-β-actin (1:2500 dilution; Cell Signaling Technology, United States). Then being washed three times with TBS-Tween 20, the secondary antibodies were added. Finally, the signals were visualized with Supersensitive ECL Chemiluminescent Kit, according to the directions of the manufacturer. The quantification of the protein bands was performed using ImageJ 1.8.0.

RNA Extraction and qRT-PCR

Total RNA was extracted from the collected blood samples using TRIzol (Invitrogen, Grand Island, NY, United States), then treatment with DNase I (Takara, Otsu, Japan), then reverse RNA with reverse transcriptase kit (Takara) and mature miRNA levels were assessed using SYBR Green Real-time PCR Master Mix (Takara) according to the manufacturer’s guidance. The following primers which used in the experiment showed in Supplementary Tables 1, 2. U6 and GAPDH are based on different detection genes as reference genes, respectively. Analysis of qRT-PCR results using the 2 -ΔΔCt method.

RNA Binding Protein Immunoprecipitation (RIP)

RNA-binding protein immunoprecipitation assays are performed to identify regions of the genome with RNA-binding proteins. In RIP assays, VSMCs were lysed in RIPA buffer containing 0.1 mM PMSF and 1% protease inhibitor cocktail on ice. After 10 min, the collecting cells were centrifuged at 12000 rpm for 20 min, the next step is to take 500 μg cell lysates incubated with the CDK1 antibody at 4°C overnight. Then add protein A/G-agarose beads and incubate for 4 h at 4°C with shaking. Immunoprecipitation separates RNA-binding proteins and their bound RNA. Furthermore, the combination of RIP and quantitative qRT-PCR can present experimental results more intuitively.

Cell Proliferation

Cell Counting Kit-8 (CCK-8) assay was performed to assess VSMC proliferation. Cells were incubated in DMEM at a density of 5 × 103 cells per well in 96-well plates for 24 h after transfection. And then the cells were maintained in 10 μl /well CCK-8 solution (7Sea-Cell Counting Kit, Shanghai, China) for an additional 1 h. Finally, the value was measured at 450 nm absorbance.

Another way to test cell proliferation is to use the EdU assay, VSMCs were cultured with EdU solution (50 nmol/L) (RiboBio, Guangzhou, China) for 2 h, then VSMCs were stained according to the product instructions. And finally, the pictures were obtained by a fluorescence microscope (Zeiss, LSM510, META). Image J 1.8.0 was used for analysis of the data.

Cell Migration

Transwell assay and wound healing assay were performed to assess the migratory ability of VSMC.

Vascular smooth muscle cells were maintained in 6-well plates 12 h before transfection. After transfected, cells were cultured for 24 h in normal medium and then an additional 24 h in serum-free DMEM. After resuspending VSMCs in serum-free DMEM (5 × 105 cells/ml), a mixture of 200 μl was added to the upper chamber of a transwell insert (Corning, Tewksbury, NY, United States) in a 24-well plate. Meanwhile, the lower chamber added 500 μl DMEM supplemented with 10% FBS. After 24 h incubation, PBS-rinsed cotton was used to wipe off the cells remaining on the upper side of the membrane. Then the cells were fixed with 4% paraformaldehyde for 1 h and dyed with 0.1% crystal violet for 30 min. After three washes, migrated VSMCs were recorded with a Zeiss LSM510 META microscope (20 × magnification), the 5 randomly fields were selected to count the cells.

Wound Healing Assay

Vascular smooth muscle cells were grown up to 60–70% in six-well plates. Then, cells were transfected with miR-378a-5p mimics, miR-378a-5p inhibitor, and NC. After 24 h, the wounds were made by a 1000-μl disposable pipette tip, which had reached almost 100% confluence. Distance on both sides of the scratch was visualized and photographed immediately and at different time points after wounding using a Zeiss LSM510 META microscope.

Statistical Analysis

All data presented in this paper were the mean ± SD of at least three independent experiments, and an experiment performed with three samples for in vitro experiments. Data analyses were carried out using the GraphPad Prism 5 software. The quantitative data were presented as means ± SEM. Statistical analysis of the two groups by t-test, the different P-values indicate the different statistical significance: ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.

RESULTS

MiR-378a-5p Expression in Stent-Restenosis Patients and ApoE -/- Mice

MiR-378a-5p expression were detected between the patients with stent-restenosis and control group, respectively, by qRT-PCR, in which we found that miR-378a-5p expression levels were upregulated in stent-restenosis patients compared with control group (Figure 1A); MiR-378a-5p expression levels were higher in atherosclerotic plaques of ApoE knockout (ApoE -/-) mice than in control subjects as measured by qRT-PCR (Figure 1B).
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FIGURE 1. Independent validation of differential expression of miR-378a-5p. (A) Quantitative reverse transcription–polymerase chain reaction (qRT-PCR) for miR-378a-5p in an independent validation set of 14 stent-restenosis patients and 18 normal control subjects. The expression of miR-378a-5p in the two groups was normalized to U6 expression, ∗∗p < 0.01. (B) MiR-378a-5p transcript expression in atherosclerotic plaques of ApoE knockout (ApoE-/-) mice and wild-type (WT) C57 control mice was measured by qRT-PCR, ∗∗∗p < 0.001.



MiR-378a-5p Promoted VSMCs Proliferation and Migration

MiR-378a-5p regulates biological function of VSMC. VSMCs were transfected with miR-378a-5p mimics (25 nM) and miR-378a-5p inhibitor (100 nM), both of them had visible transfection efficiency (Figure 2A). MiR-378a-5p mimics-transfected cells have stronger proliferative capacity compared with NC (25 nmol/L) (Figure 2B). Meanwhile, VSMC proliferation was assessed using the EdU assay; representative staining of the nucleus of proliferating VSMCs was shown in Figure 2C. EdU incorporation measured by confocal laser microscopy. In addition, we observed that miR-378a-5p significantly promoted cell migration in miR-378a-5p mimics-transfected cells compared with NC, the miR-378a-5p inhibitor has the opposite effect (Figures 2D,E). Sequence of RNAs used in this study showed in Supplementary Table 4.
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FIGURE 2. Effects of miR-378a-5p on the proliferation and migration in vascular smooth muscle cell (VSMC). (A) Expression levels of miR-378a-5p were examined by qRT-PCR after transfection of miR-378a-5p mimics, miR-378a-5p inhibitor and negative control oligonucleotide (NC), ∗∗∗p < 0.001. (B) The CCK-8 assay was performed to investigate the proliferation of VSMCs with miR-378a-5p mimics, miR-378a-5p inhibitor transfection, at 0, 12, 24, and 36 h, respectively. (C) Representative micrographs of EdU staining of VSMCs, with control or miR-378a-5p transfection, scale bar = 20 μm. (D,E) miR-378a-5p effects on VSMC migration ability as determined via classic scratch assay and its quantification analysis, all images were taken under the same magnification, data are presented as mean ± SEM, ∗p < 0.05 and ∗∗p < 0.01.



MiR-378a-5p Promoted Proliferation and Migration in PDGF-BB-Stimulated VSMCs

In order to detect the effects of miR-378a-5p in PDGF-BB-stimulated VSMC, we transfect miR-378a-5p mimics, miR-378a-5p inhibitor and NC into VSMCs. MiR-378a-5p was upregulated after PDGF-BB treatment in a time-dependent manner (Figure 3A). MiR-378a-5p mimic-induce miR-378a-5p up-regulation significantly increased VSMC migration compared with NC, the miR-378a-5p inhibitors have the opposite effect, as demonstrated by wound closure assay (Figures 3B,C) and transwell assay (Figures 3D,E). To detect the effect of PDGF-BB on VSMC phenotype switching genes, VSMCs were treated with PDGF-BB (50 ng/ml) for 12 h, the expression levels of sm-MHC2 and α-SMA protein decreased after being transfected with miR-378a-5p mimics (Figures 3F–I). These results demonstrate that miR-378a-5p promoted proliferation and migration in PDGF-BB-stimulated VSMCs.
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FIGURE 3. MiR-378a-5p promotes platelet-derived growth factor-BB (PDGF-BB)-induced VSMC proliferation and migration. (A) miR-378a-5p expression levels were increased in VSMCs under the time gradient of PDGF-BB-induced (50 ng/ml), compared with quiescent cells, as demonstrated using qRT-PCR, data are presented as mean ± SEM. ∗p < 0.05 and ∗∗p < 0.01. (B,C) miR-378a-5p abrogated PDGF-BB-mediated effects on VSMC migration ability as determined via classic scratch assay and its quantification analysis, all images were taken under the same magnification. (D,E) The miR-378a-5p mimics significantly increased PDGF-BB-induced (50 ng/ml) VSMC migration, as determined by transwell assay (original magnification: × 200) and its quantification analysis, data are presented as mean ± SEM. ∗p < 0.05. (F) Representative western blots of VSMC phenotype marker genes transfected with miR-378a-5p inhibitor compared with in NC under the condition with PDGF-BB (50 ng/ml) stimulated for 12 h. (G) Quantitative analysis of differentiation marker gene expression in the two groups, data are presented as mean ± SEM. ∗p < 0.05 and ∗∗p < 0.01. (H) Representative western blots of VSMC phenotype marker genes transfected with miR-378a-5p mimics compared with NC under the condition with PDGF-BB (50 ng/ml) stimulated for 12 h. (I) Quantitative analysis of differentiation marker gene expression in the two groups, data are presented as mean ± SEM. ∗p < 0.05.



Identification of CDK1 as a Direct Target of MiR-378a-5p in VSMCs

Target Scan algorithms found that CDK1 was a potential miR-378a-5p target. We found that the putative seed sequences for miR-378a-5p within the 3′-UTR of CDK1 were highly conserved and there has a potential seed sequence of miR-378a-5p in the 3′UTR of CDK1 (Figure 4A). To illustrate the relationship between CDK1 and miR-378a-5p, we transfected VSMCs with miR-378a-5p mimics, inhibitor and NC, and investigated CDK1 expression using western blot analysis and qRT-PCR, overexpression of miR-378a-5p suppressed the protein expression of CDK1, as showed in Figures 4B–D, referring to the literature, p21 is one of the downstream targets of CDK1 (Kreis et al., 2016). In our experiment, we found that miR-378a-5p works by reducing CDK1 and then regulating p21. Then we performed immunofluorescence which showed that CDK1 protein expression was decreased with transfected miR-378a-5p mimics compared with NC, as showed in Figure 4E. The conclusion of these findings is: miR-378a-5p upregulation could inhibit CDK1 expression at the post-transcriptional level. RIP was used to analyze the protein interactions with CDK1 mRNA. The % input detected for CDK1 immunoprecipitation is above that detected for IgG immunoprecipitation, which means CDK1 antibody could pull down more miR-378a-5p than the non-specific IgG antibody (Figure 4F). These results demonstrated that miR-378a-5p directly binds to the 3′-UTR of CDK1.


[image: image]

FIGURE 4. MiR-378a-5p participates in the regulation of CDK1 expression. (A) There is a potential seed sequence of miR-378a-5p in the 3′UTR of CDK1, the putative seed sequences for the 3′-UTR of CDK1 were highly conserved in different species. (B) qRT-PCR, (C,D) western blot were used to determine CDK1 mRNA and protein expression levels and p21 protein levels in VSMCs transfected with miR-378a-5p mimics (25 nmol/L), inhibitor (100 nmol/L), NC (25 nmol/L) and inNC (25 nmol/L) after PDGF-BB stimulation, data are presented as mean ± SEM, ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. (E) Typical fluorescence photomicrograph by laser scan confocal microscopy, scale bar = 20 μm. The photographs of nuclei (blue) and CDK1 (green) fluorescence were taken under a same field and then were merged. (F) Real-time PCR validation of CDK1-associated mRNAs identified by RIP, data are presented as mean ± SEM. ∗∗p < 0.01.



CDK1 Is Involved in VSMC Proliferation and Migration

To determine the effect of CDK1 on the VSMC, expression of CDK1 under PDGF-BB stimulation gradient by western blot (Figures 5A,B). Two SiRNAs were designed to knock down CDK1, the sequences were shown in Supplementary Table 2. The transfection efficiency and expression efficiency of siCDK1 was detected by qRT-PCR. The result showed that CDK1 was significantly down-regulated when transfected with siCDK1(#1) and siCDK1(#2), respectively (Figure 5C). The influence of siCDK1 on the proliferation of cells was assessed by EdU assay (Figure 5D). Transwell assay was applied to investigate the migration ability of cells, showed in Figures 5E,F. The wound closure assay was performed to detect the migration ability of cells with or without PDGF-BB-induced (50 ng/ml) (Figures 5G,H). α-SMA and sm-MHC2 protein level were down-regulated after transfected with siCDK1 (Figures 5I,J). The findings showed that the proliferation and migration activity of VSMCs transfected with siCDK1 was higher than that of cells transfected with an empty plasmid with or without PDGF-BB stimulation.
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FIGURE 5. CDK1 regulates VSMC proliferation and migration. (A) PDGF-BB (50 ng/ml) caused a time-dependent decrease in CDK1 expression levels as determined by western blot. (B) Quantitative western blot analysis of CDK1 expression in PDGF-BB-stimulated (50 ng/ml) VSMCs at various time points by western blot, data are presented as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. (C) The expression level of CDK1 was detected by qRT-PCR, after transfection with siCDK1 in VSMCs, ∗p < 0.05. (D) siCDK1 increased the proliferation of VSMCs, as determined by EdU assays, scale bar = 20 μm. (E,F) Transwell were used to detect of VSMCs proliferation and migration, (Original magnification: × 200), ∗∗∗p < 0.001. (G,H) The wound closure assay was performed to investigate the migration ability of VSMCs under PDGF-BB-induced (50 ng/ml). (I) Representative western blots of VSMC phenotype marker genes transfected siCDK1 compared with control. (J) Quantitative analysis of differentiation marker gene expression in the two groups, data are presented as mean ± SEM, ∗∗∗p < 0.001.



MiR-378a-5p Targeted CDK1 Expression and Enhanced Migration of VSMCs

For further confirm whether CDK1 is a functional target gene of miR-378a-5p, wound closure (Figures 6A,B) and transwell assays (Figures 6C,D) were used to measure the migratory ability of VSMCs, compared with the NC, the migration rate of the miR-378a-5p mimic group was remarkably increased, while that of the si-CDK1 group has no significant increase, the group with miR-378a-5p mimic + siCDK1 restored the migration ability, the number of cells migrated significantly increased. From these results, we determined that CDK1 is a functional downstream target of miR-378a-5p.
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FIGURE 6. CDK1 was involved in miR-378a-5p-mediated cellular effects. (A,B) Low expression of CDK1 promoted VSMC migration and significantly promoted the migratory effects of miR-378a-5p on VSMCs, as determined by wound closure and its quantification analysis, data are presented as mean ± SEM. ∗p < 0.05 and ∗∗p < 0.01. (C,D) The same effects was also determined by transwell assay (original magnificaton: × 200) and its quantification analysis, data are presented as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



CONCLUSION

In our study, we identified that miR-378a-5p is an important modulator in the PDGF-BB stimulated proliferation and migration of VSMC by targeting, at least partly CDK1 pathway. Also, miR-378a-5p acts on CDK1 and then partly affects p21 to play a role in cell function. In addition, miR-378a-5p negatively regulates the expression of CDK1 after PDGF-BB serve as a stimulant to promote VSMC proliferation. SiCDK1 can partially recover the proliferation of VSMC by PDGF-BB. Furthermore, miR-378a-5p expression levels were upregulated in both human atherosclerotic vascular tissues and proliferation VSMC. The conclusion of these results is: miR-378a-5p/CDK1/p21 is a considerable pathway that can be used as a new therapeutic target in the prevention of atherosclerosis and stent restenosis.

DISCUSSION

According to the National Health and Family Planning Commission, in the year 2015 more than 500,000 patients with coronary heart disease in mainland China need PCI. PCI has become the main revascularization strategy for unstable coronary artery disease. Despite this, PCI itself still has a problem that has not been overcome, ISR. DES placement does reduce the incidence of ISR, but its incidence is still as high as 10% (Pleva et al., 2018). ISR greatly limits the benefits of PCI. The prevention of ISR is still an important concern. A study found that the ISR of DES is mainly the result of the proliferation of VSMCs, and the high-pressure effect of post-stent expansion accelerates the proliferation of VSMCs. Proliferation, migration, and formation of the extracellular matrix of VSMCS in the middle of the blood vessels lead to intimal regeneration and stenosis of the lumen (Ko et al., 2012). Stent implantation must be performed again for patients with restenosis (Miziastec et al., 2009), so the targeted regulation of VSMC is of great significance for the treatment and prevention of post-stent restenosis.

Accumulating reports have been made to understand the effect of miRNAs in VSMCs biology (Choe et al., 2013), but the specific molecular mechanism is still unknown. In our study, we demonstrated that targeting of the miR-378a-5p/CDK1/p21 pathway may be a potential therapeutic method for stent restenosis.

MiR-378a is a small non-coding RNA molecule which has two mature chains: (1) miR-378a-3p, (2) miR-378a-5p (Krist et al., 2015). The early study of the miR-378a-5p is mainly based on its relationship with the occurrence and development of tumors. However, the role of miR-378a-5p in the regulation of VSMCs requires deeper research. To explore the effects of miR-378a-5p in VSMCs in restenosis, we performed CCK-8 and EdU assays to detect VSMC proliferation, wound healing and transwell assays to evaluate VSMC migration. In the end, we come to this conclusion that miR-378a-5p plays a role in regulating the proliferation, migration and phenotypic transformation of VSMCs, that is miR-378a-5p participates in the abnormal VSMC biology functions that contribute to stent restenosis development.

Cyclin-dependent kinase 1 (CDK1) is a protein that regulates the cell cycle, which belongs to a serine/threonine kinase family (Malumbres and Barbacid, 2009); previous studies have proved that CDK1 acted as a key regulator for cell cycle (Yang et al., 2016), and its expression increases in several cancer growths, such as colon carcinoma (Meyer et al., 2009), non-small cell lung cancer tumor (Kim et al., 2008; Zhang et al., 2011); There are also researches that identify that inhibition of CDK1 can suppress the proliferation and migration of some tumor cells (Zhang et al., 2015). Interestingly, in oral squamous cell carcinoma (OSCC), the expression of CDK1 increases with the progression of tumor stage, but the expression of CDK1 is reduced at the stage IV and late stage of the tumor (Chen et al., 2015). There is also a report that suggests overexpression of CDK1 inhibits cell proliferation. CDK1 expression increased or decreased at different time intervals (Rui et al., 2011), this phenomenon is hard to explain from a biological view. So maybe miRNA plays different roles in regulating CDK1 at different time points; the effect of CDK1 on cell proliferation cycle needs to be further studied.

Although our research has demonstrated that miR-378a- 5p can target CDK1 to regulate proliferation and migration of VSMCs, but (1) there have been studies that show one miRNA could regulate many target genes, meanwhile, one gene could be modulated by different miRNA. Therefore, targeting miR-378a-5p to treat atherosclerosis and stent restenosis may also affect other genes related to the proliferation of VSMCs, establish an interactive network of non-coding RNAs related to restenosis for early prediction and prognostic evaluation purposes. (2) Non-coding RNA also has problems in application technology and security. (3) Non-coding RNAs also present application technique and safety issues, such as how to coat miR-378a-5p onto a scaffold, and to understand the effect of the release on human body. (4) Chemically synthesized miRNA inhibitor and mimics are used as scaffold coatings, considering factors such as in vivo concentration, half-life, dose, and sample specificity. (5) Another important consideration is whether external miRNAs will affect normal genes. In this research, there is still a lack of experiments on the downstream target p21 of CDK1, which needs further verification. Moreover, the selection of samples has some limitations, the number of samples is small, so the clinical sample size should be increased. The specific mechanism of miR-378a-5p for target regulation of atherosclerosis and stent restenosis remains to be further studied in the follow-up work.

AUTHOR CONTRIBUTIONS

SL and NT carried out the cell and protein analysis. YY carried out the molecular experiments. SJ, HX, RZ, and SL performed the clinical analysis. TY and SL participated in the data analysis, performed the statistical analysis, and drafted the manuscript. TY and HX conceived and designed the study, participated in the data analysis and coordination, and helped to draft the manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by National Natural Science Foundation of China (31701208 and 81870331 to TY), China Postdoctoral Science Foundation (2017M612189), Natural Science Foundation of Shandong Province (ZR2017MC067), and The People’s Livelihood Science and Technology Project of Qingdao (17-1-1-40-jch and 18-2-2-65-jch).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00022/full#supplementary-material

REFERENCES

Afzal, T. A., Luong, L. A., Chen, D., Zhang, C., Yang, F., Chen, Q., et al. (2016). NCK associated protein 1 modulated by miRNA-214 determines vascular smooth muscle cell migration, proliferation, and neointima hyperplasia. J. Am. Heart Assoc. 5:e004629. doi: 10.1161/JAHA.116.004629

Alfonso, F., Perez-Vizcayno, M. J., Hernandez, R., Bethencourt, A., Marti, V., Lopez-Minguez, J. R., et al. (2006). A randomized comparison of sirolimus-eluting stent with balloon angioplasty in patients with in-stent restenosis: results of the Restenosis Intrastent: balloon angioplasty versus elective sirolimus-eluting stenting (RIBS-II) trial. J. Am. Coll. Cardiol. 47, 2152–2160. doi: 10.1016/j.jacc.2005.10.078

Braun-Dullaeus, R. C., Mann, M. J., and Dzau, V. J. (1998). Cell cycle progression: new therapeutic target for vascular proliferative disease. Circulation 98, 82–89. doi: 10.1161/01.CIR.98.1.82

Buccheri, D., Piraino, D., Andolina, G., and Cortese, B. (2016). Understanding and managing in-stent restenosis: a review of clinical data, from pathogenesis to treatment. J. Thorac. Dis. 8, E1150–E1162. doi: 10.21037/jtd.2016.10.93

Chen, X., Zhang, F. H., Chen, Q. E., Wang, Y. Y., Wang, Y. L., He, J. C., et al. (2015). The clinical significance of CDK1 expression in oral squamous cell carcinoma. Med. Oral Patol. Oral Cirugia Bucal. 20, e7–e12. doi: 10.4317/medoral.19841

Choe, N., Kwon, J. S., Kim, J. R., Eom, G. H., Kim, Y., Nam, K. I., et al. (2013). The microRNA miR-132 targets Lrrfip1 to block vascular smooth muscle cell proliferation and neointimal hyperplasia. Atherosclerosis 229, 348–355. doi: 10.1016/j.atherosclerosis.2013.05.009

Feinberg, M. W. (2014). Healing the injured vessel wall using microRNA-facilitated gene delivery. J. Clin. Invest. 124, 3694–3697. doi: 10.1172/JCI77509

Finn, A. V., Joner, M., Nakazawa, G., Kolodgie, F., Newell, J., John, M. C., et al. (2007). Pathological correlates of late drug-eluting stent thrombosis: strut coverage as a marker of endothelialization. Circulation 115, 2435–2441. doi: 10.1161/CIRCULATIONAHA.107.693739

Gareri, C., De, R. S., and Indolfi, C. (2016). MicroRNAs for restenosis and thrombosis after vascular injury. Circ. Res. 118, 1170–1184. doi: 10.1161/CIRCRESAHA.115.308237

Huang, S. C., Wang, M., Wu, W. B., Wang, R., Cui, J., Li, W., et al. (2017). Mir-22-3p inhibits arterial smooth muscle cell proliferation and migration and neointimal hyperplasia by targeting HMGB1 in arteriosclerosis obliterans. Cell Physiol. Biochem. 42, 2492–2506. doi: 10.1159/000480212

Kim, S. J., Nakayama, S., Miyoshi, Y., Taguchi, T., Tamaki, Y., Matsushima, T., et al. (2008). Determination of the specific activity of CDK1 and CDK2 as a novel prognostic indicator for early breast cancer. Ann. Oncol. 19, 68–72. doi: 10.1093/annonc/mdm358

Ko, Y. G., Kim, J. S., Kim, B. K., Choi, D., Hong, M. K., Jeon, D. W., et al. (2012). Efficacy of drug-eluting stents for treating in-stent restenosis of drug-eluting stents (from the Korean DES ISR multicenter registry study [KISS]). Am. J. Cardiol. 109:607. doi: 10.1016/j.amjcard.2011.10.014

Kreis, N. N., Friemel, A., Zimmer, B., Roth, S., Rieger, M. A., Rolle, U., et al. (2016). Mitotic p21Cip1/CDKN1Ais regulated by cyclin-dependent kinase 1 phosphorylation. Oncotarget 7, 50215–50228. doi: 10.18632/oncotarget.10330

Krist, B., Florczyk, U., Pietraszek-Gremplewicz, K., Józkowicz, A., and Dulak, J. (2015). The role of miR-378a in metabolism, angiogenesis, and muscle biology. Int. J. Endocrinol. 2015, 1–13. doi: 10.1155/2015/281756

Li, P., Zhu, N., Yi, B., Wang, N., Chen, M., You, X., et al. (2013). MicroRNA-663 regulates human vascular smooth muscle cell phenotypic switch and vascular neointimal formation. Circ. Res. 113:1117. doi: 10.1161/CIRCRESAHA.113.301306

Liu, S., Yang, Y., Jiang, S., Tang, N., Tian, J., Ponnusamy, M., et al. (2018). Understanding the role of non-coding RNA (ncRNA) in stent restenosis. Atherosclerosis 272, 153–161. doi: 10.1016/j.atherosclerosis.2018.03.036

Liu, X., Cheng, Y., Zhang, S., Lin, Y., Yang, J., and Zhang, C. (2009). A necessary role of miR-221 and miR-222 in vascular smooth muscle cell proliferation and neointimal hyperplasia. Circ. Res. 104, 476–487. doi: 10.1161/CIRCRESAHA.108.185363

Luo, L., Ye, G., Nadeem, L., Fu, G., Yang, B. B., Honarparvar, E., et al. (2012). MicroRNA-378a-5p promotes trophoblast cell survival, migration and invasion by targeting Nodal. J. Cell Sci. 125, 3124–3132. doi: 10.1242/jcs.096412

Malumbres, M., and Barbacid, M. (2009). Cell cycle, CDKs and cancer: a changing paradigm. Nat. Rev. Cancer 9, 153–166. doi: 10.1038/nrc2602

Mcdonald, R. A., Halliday, C. A., Miller, A. M., Diver, L. A., Dakin, R. S., Montgomery, J., et al. (2015). Reducing in-stent restenosis : therapeutic manipulation of miRNA in vascular remodeling and inflammation. J. Am. Coll. Cardiol. 65:2314. doi: 10.1016/j.jacc.2015.03.549

Meyer, A., Merkel, S., Brückl, W., Schellerer, V., Schildberg, C., Campean, V., et al. (2009). Cdc2 as prognostic marker in stage UICC II colon carcinomas. Eur. J. Cancer 45, 1466–1473. doi: 10.1016/j.ejca.2009.01.010

Miziastec, K., Gasior, Z., Haberka, M., Mizia, M., Chmiel, A., Janowska, J., et al. (2009). In-stent coronary restenosis, but not the type of stent, is associated with impaired endothelial-dependent vasodilatation. Kardiol. Pol. 67:9.

Pleva, L., Kukla, P., and Hlinomaz, O. (2018). Treatment of coronary in-stent restenosis: a systematic review. J. Geriatr. Cardiol. 15, 173–184. doi: 10.11909/j.issn.1671-5411.2018.02.007

Rui, L. I., Zheng, Y. L., Zhou, X. B., and Wang, W. (2011). Expression and activity of CDK1 on cell apoptosis in hepatoma HepG2. J. Ningxia Med. Univ. 6, 521–524.

Rui, Y., Mengjuan, W., Fan, Y., Yuchen, S., and Lili, J. (2018). Diosbulbin B induced G2/M cell cycle arrest in hepatocytes by miRNA-186-3p and miRNA-378a-5p-mediated the decreased expression of CDK1. Toxicol. Appl. Pharmacol. 357, 1–9. doi: 10.1016/j.taap.2018.08.016

Tang, N., Jiang, S., Yang, Y., Liu, S., Ponnusamy, M., Xin, H., et al. (2018). Noncoding RNAs as therapeutic targets in atherosclerosis with diabetes mellitus. Cardiovasc. Ther. 36:e12436. doi: 10.1111/1755-5922.12436

Wang, H., Jiang, M., Xu, Z., Huang, H., Gong, P., Zhu, H., et al. (2015). miR-146b-5p promotes VSMC proliferation and migration. Int. J. Clin. Exp. Pathol. 8, 12901–12907.

Wang, Z., Ma, B., Ji, X., Deng, Y., Zhang, T., Zhang, X., et al. (2015). MicroRNA-378-5p suppresses cell proliferation and induces apoptosis in colorectal cancer cells by targeting BRAF. Cancer Cell Int. 15, 40. doi: 10.1186/s12935-015-0192-2

Wang, Z., Song, J., Liang, Z., Huang, S., Bao, L., Feng, C., et al. (2017). Increased expression of microRNA-378a-5p in acute ethanol exposure of rat cardiomyocytes. Cell Stress Chaperones 22, 245–252. doi: 10.1007/s12192-016-0760-y

Xin, M., Small, E. M., Sutherland, L. B., Qi, X., Mcanally, J., Plato, C. F., et al. (2009). MicroRNAs miR-143 and miR-145 modulate cytoskeletal dynamics and responsiveness of smooth muscle cells to injury. Genes Dev. 23, 2166–2178. doi: 10.1101/gad.1842409

Yang, W., Cho, H., Shin, H. Y., Chung, J. Y., Kang, E. S., Lee, E. J., et al. (2016). Accumulation of cytoplasmic Cdk1 is associated with cancer growth and survival rate in epithelial ovarian cancer. Oncotarget 7, 49481–49497. doi: 10.18632/oncotarget.10373

Zhang, C., Elkahloun, A. G., Robertson, M., Gills, J. J., Tsurutani, J., Shih, J. H., et al. (2011). Loss of cytoplasmic CDK1 predicts poor survival in human lung cancer and confers chemotherapeutic resistance. PLoS One 6:e23849. doi: 10.1371/journal.pone.0023849

Zhang, Y., Huang, W., Ran, Y., Xiong, Y., Zhong, Z., Fan, X., et al. (2015). miR-582-5p inhibits proliferation of hepatocellular carcinoma by targeting CDK1 and AKT3. Tumour Biol. 36, 8309–8316. doi: 10.1007/s13277-015-3582-0

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Liu, Yang, Jiang, Xu, Tang, Lobo, Zhang, Liu, Yu and Xin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Genetics

MiR-378a-5p Regulates
Proliferation and Migration in
Vascular Smooth Muscle Cell

by Targeting CDK1






OPS/images/fgene-10-00022-g001.jpg
<

Kk

-~ ©

o~

-

m  I19As] dg-ege-yiw

s|eAa| dg-eg e-yIW aA[je |y

ApoE-/-







OPS/images/fgene-10-00022-g002.jpg
A
Cc
NC
miR-378a-5p

1.5
aax
g -
2 ]
“2 1.0 23
T8 83
= s &
~T 0=
RE 05 &g
x5 o E
=3
ES E2
0.0
Hoechst EdU Merged

- NC
- miR-378a-5p

0OD450

0.5

0.0+ T T

Time post transfection(hours)

N.C miR-378a-5p
e T
e
B
121 R T
ey o e
B
24h I
Bemarai s
EeEsEe
P

0 12 24 36

The area of open wound

6000

- NC
-= miR-378a-5p

0 1‘2 2“ 3‘6
Time post transfection(hours)






OPS/images/fgene-10-00022-g003.jpg
A B
20 4 g
&3 Z 12n
a8 g
NS =
EC ‘g 24h
$ G
PDGF-BB control mimics mN ' inhibitor
(50 ng/mal) - + +
D E
N.C miR-378a-5P inN C miR-378a-5P inhibitor §
Y P B . 5. s --v;. "v %
3 Xt ag o £
z s A RS s
£ Rt | X £
= £
F Enbe e 2
L 4
F
kDa
o-SMA | — —— | 40
sml\-IHCZl e — —l 228
3 _—ee e
B-actin I | 42
PDGF-BB(S0 ng/ml) % +
N.C + -
Inhibitor - ¥
H
kDa
¢-SMA [ s J 40
smIVIHC2 228
p-actin I 42
PDGF-BB(S0 ng/ml) + +
N.C + =
Mimics - 4

The area of open wound

®

Relative protein levels

Relative protein levels

20007 -« inN.C
NC
= miR-378a-5p ] -= miR-378a-5p inhibitor
3
3
c
s
o
o
-
o
o
2
&
°
£
F
0 12 2 % 0 12 2% %

Time post transfection(hours) Time post transfection(hours)

= inN.C
&3 miR-378a-5p inhibitor
1.0+ .
0.8
*%

0.6

0.4

0.2

0.0-

a-SMA smMHC2

- R—_) 78a-5p

0.4+

0.2+

0.0-
a-SMA







OPS/images/fgene-10-00022-g004.jpg
w
O

miR-378a-5p
3" .UGUGUCCU GG_-\(I‘(Z‘U(‘.-I\(I}IIT(I? (|7 [IT(I‘ i 5

L=
o
o
% g 21
Human |5 .. AACUAUAAUAUUGAUGUCAGGAA... 3 § b
H IK1 [ — — ] 34
Rabbit 5" GAUGUCAGGAAUUGAGUCAGGAA. .. 3 E actin | —— 42
Dog 5. .GAUGUCAGGAAUUUAGUCAGGAA... 3' % NG miR-378a-5p
S Y kDa
Chimp  |5'.. AA\CUAUAAUAUUGAUGUCAGGAA... 3' 8 e mRI 1| [ 2
CDKI 3°-UTR CDKL [— — -,
p_mm} P 5
N.C miR-378a-5p
inhibitor
E DAPI CDK1 Merged F
h - - é ’
mNC inN.C -E:
20- BB miR-378a-5p 1.0 B miR-378a-5p inhibitor £
: z N i
é ?; miR-378a-5p é
‘—.§ ; E os
z £ ; g
['4 5
CDK1 p21 1.niRi»§'8n-Sp 2 o
inhibitor i & &p






OPS/images/fgene-10-00022-g005.jpg
>
w
(@)

Py Ape—r—
kDa x — g 15 e g “
T O z <
[615) 9 Q[P —— - |34 5 15 3 s
M 2 e
2 2 3
[}—'I(‘tilll e e e s e | 42 H 10 H
2 2 2 c 104 H
PDGFBB O 6 12 24 36 s £
(50 ng/ml) Time(h) % =z 05 % £
° Z H
2 05 :
k] : z
S
['4 0.0 o X -
o NC SICDK1¢#1) Ne sICDK1(#2)
PDGF-BB Oh 6h 12h 24h 36h
D
Hoechst Merge Hoechst Merge

N . h .
s SICDK1 (22)
siCDK1 (£1)
E F = Nccmq(z)
- trol Sl
3 SOkt s %0
- o 150 B s
% 3 g
= . £ = E 600
z P s 10 E @
g . 3 Z 3
= SBURTE S = %
= R SRR Eé = E
N.C SICDK1(#1) 2 NC si-CDK1(#2) 3
G H s
control control siCDK1(#2)
ST 000+ cortol e o W]
ol H L T RPN
.
BRI RIT AR - O AR R |
g H
R e = EESRI TR
12h _ s ST ST TS
: 1 B, D -
= Zasass e s £
BT g L
24h Fesere o 0 2 P _
e :
e ) 1 I
W control
-~ A siCDK1
J pod
kDa

smMHC? [— ] ;)
pacn [ ST

N.C # 3
siCDK1 - LE

Relative protein levels of smMHC2

1.5
1.04
0.54
0.0-





OPS/images/fgene-10-00022-g006.jpg
Wound closure

Transwell

24h

N.C

N.C

miR-378a-Sp

miR-378a-5p

siCDK1

siCDK1

miR-378a-5p+
siCDK1

miR-378a-5p+

The area of open wound

w)

Numbers of migrated cells

- NC

-=+ miR-378a-5p

-+ SICDK1

-9~ miR-378a-5p+siCDK1

b .

400

300

200+

100

12 28 3
Time post transfection(hours)

N.C  miR-378a-5psiCDK1 miR-378a-5p+siCl





OPS/images/logo.jpg
’ frontiers
in Genetics





