The antagonistic effects and mechanisms of microRNA-26a action in hypertensive vascular remodeling
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Fig. 1: AngII regulates miR-26a expression both in vivo and in vitro
(a-b) Vascular smooth muscle cells (VSMCs) were treated with angiotensin II (AngII). (a) miR-26a relative expression with 0, 10-8, 10-7, or 10-6 mol/L AngII for 24 h. (b) miR-26a relative expression with 10-7mol/L Ang II for different times. Data are mean ± SD (n = 5). Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. * P<0.05 vs control. (c) C57BL/6 mice received AngII or normal saline (Control) by subcutaneously implanted ALZET® 2002 minipumps. Relative expression of miR-26a in aorta or plasma assessed by quantitative real-time PCR (qRT-PCR). Data are mean ± SD (n = 6). Statistical significance was determined using Student’s t-test. * P<0.05 vs Control. 
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Fig. 2: miR-26a has a protective effect on hypertensive vascular remodeling (VR) in SHRs
Thoracic aorta morphology analysis and relative expression of miR-26a in spontaneously hypertensive rats (SHRs) and Wistar Kyoto rats (WKYs) in different treatment groups. SHRs were injected intravenously with recombinant adeno-associated virus (rAAV)-miR-26a, rAAV-GFP or saline, and WKY rats were injected intravenously with saline as normal controls. (a) Relative expression of miR-26a in thoracic aorta and plasma. (b) Representative images of hematoxylin-eosin (H&E) staining and immunohistochemistry of α-actin in thoracic aortas from WKY rats and SHRs. magnification 40× (top, scale bar = 500 μm) or 400× (the rest, scale bar = 50 μm). (c) Media thickness (MT), lumen diameter (LD), and MT/LD. Data are mean ± SD (n ≥ 6). * P<0.05 vs WKY; # P<0.05 vs rAAV-GFP or SHR-Ctrl. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test.
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Fig. 3: miR-26a ameliorates extracellular matrix (ECM) production in vivo and in vitro.
(a-b) Masson's trichrome staining of SHRs and WKY rats. (a) Representative Masson's trichrome staining in thoracic aorta. magnification 400× (scale bar = 50 μm). (b) Collagen volume fraction (CVF) of thoracic aortic tissues with Masson's staining. Data are mean ± SD (n = 6). * P<0.05 vs WKY; # P<0.05 vs rAAV-GFP or SHR-Ctrl. (c-f) AngII-induced vascular smooth muscle cells (VSMCs) were transfected with miR-26a mimic, inhibitor or corresponding negative control (NC). The control group was a blank control without any treatment, and the AngII group received AngII only. (c) Relative miR-26a expression determined by qRT-PCR. (d-f) Relative levels of Col I, Col III measured by (d) ELISA, (e) qRT-PCR or (f) western blot analysis. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs AngII or mimic NC+AngII or inhibitor NC+AngII; $ P<0.05 vs inhibitor+AngII. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. AngII, angiotensin II; Col I, collagen I; Col III, collagen III.  
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Fig. 4: miR-26a inhibits vascular smooth muscle cells (VSMC) proliferation in vivo and in vitro.
(a-b) Immunohistochemical staining of proliferating cell nuclear antigen (PCNA) in SHRs and WKY rats. (a) Representative images of PCNA staining in thoracic aorta (scale bar = 50 μm). (b) Quantification of PCNA-positive cells. Data are mean ± SD (n = 5). * P<0.05 vs WKY; # P<0.05 vs rAAV-GFP or SHR-Ctrl. (c-e) Cell cycle and CCK-8 assay of VSMCs. (c) Comparisons of VSMC cycles among groups detected by propidium iodide (PI) single staining. (d) Proportion of cells in the G1, S and G2 phases in each group. (e) CCK-8 assay of the effect of miR‐26a on growth of VSMCs. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs AngII or mimic NC+AngII or inhibitor NC+AngII; $ P<0.05 vs inhibitor+AngII. Statistical significance was determined using one-way ANOVA with Tukey’s test. NC, negative control; AngII, angiotensin II.
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Fig. 5 miR-26a suppresses ECM deposition by directly targeting connective tissue growth factor (CTGF).
(a) Relative CTGF protein level in SHRs and WKY rats. Data are mean ± SD (n = 5). * P<0.05 vs WKY; # P<0.05 vs rAAV-GFP or SHR-Ctrl. (b, c) Relative (b) protein and (c) mRNA levels of CTGF in VSMCs. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs AngII or mimic NC+AngII or inhibitor NC+AngII; $ P<0.05 vs inhibitor+AngII. Statistical significance was determined using one-way ANOVA with Tukey’s test. (d) Sequence alignment of miR-26a and CTGF mRNA 3′UTR. The matched base pairs are highlighted with a red box. (e) Dual-luciferase reporter assay in HEK293T cells. Data are mean ± SD (n = 5). * P<0.05 vs WT NC group and MUT miR-26a mimic group. Statistical significance was determined using two‐way ANOVA followed by Bonferroni post test. NC, negative control; AngII, angiotensin II; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MUT, mutant-type.
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Fig. 6. EZH2/p21 pathway mediates miR-26a downregulation-induced VSMC proliferation.
(a) Relative EZH2 and p21 protein levels in SHRs and WKY rats. Data are mean ± SD (n = 5). * P<0.05 vs WKY; # P<0.05 vs rAAV-GFP or SHR-Ctrl. (b-d) Relative protein levels of (b) EZH2, (c) p21 and (d) cyclin D2 by western blot analysis in VSMCs. (e) Relative EZH2 mRNA expression assessed by qRT-PCR in VSMCs. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs AngII or mimic NC+AngII or inhibitor NC+AngII; $ P<0.05 vs inhibitor+AngII. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. (f) Sequence analysis of miR-26a and EZH2 mRNA 3′UTR. The matched base pairs are highlighted with a red box. (g) Dual-luciferase reporter assay in HEK293T cells. Data are mean ± SD (n = 5). * P<0.05 vs WT NC group and MUT miR-26a mimic group. Statistical significance was determined using two‐way ANOVA followed by Bonferroni post test. NC, negative control; AngII, angiotensin II; EZH2, enhancer of zeste homolog 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MUT, mutant-type.
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Fig. 7: Ang II regulates miR-26a expression via Smad3 activation.
(a-c) Smad3 binds to miR‐26a promoter. (a) Schematic representation of the miR‐26a gene promoter region and Smad3 binding sites analyzed by PROMO software. (b) Chromatin immunoprecipitation (ChIP) analysis of Smad3 binding to the miR‐26a promoter in AngII-induced or blank control VSMCs. 1, experimental group, PCR with target primer and Smad3 antibody; 2, RT-Input1 group, PCR with target primers to detect binding efficiency; 3, Negative control group, PCR with target primer and IgG; 4, PCR with negative control group, PCR with target primer and ddH2O used as a template; 5, Positive control group, PCR with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and RNA polymerase II antibody; 6, RT-Input2 group, PCR with GAPDH primer to detect the PCR system. (c) Relative Smad3 binding activity quantification of ChIP bands. (d-f) Inhibition of Smad3 expression or activation with siRNA or SB431542-induced upregulation of miR-26a in AngII-induced VSMCs. (d) Relative miR-26a and (e) Smad3 mRNA expression evaluated by qRT-PCR. (f) Relative protein level of Smad3 by western blot analysis. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs AngII or AngII+NC. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. NC, negative control; siRNA, small interfering RNA; AngII, angiotensin II.
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Fig. 8: miR-26a reversely regulates the activation of Smad3.
(a-c) AngII-induced VSMCs were transfected with miR-26a mimic or NC mimic, and the control group was a blank control. (a) Relative miR-26a expression assessed by qRT-PCR. (b) Relative protein level of p-Smad3 determined by western blot analysis. (c) Immunofluorescence cell staining analysis of nuclear translocation of p-Smad3 (scale bar = 50 μm). Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs mimic NC+AngII. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. NC, negative control; DAPI, 4',6-diamidino-2-phenylindole; AngII, angiotensin II; p-Smad3, phospho-Smad3.
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Fig. 9: miR-26a inhibits Smad3 activation by targeting Smad4.
(a-d) Smad4 is a target gene of miR-26a. (a) Predicted miR-26a target sequence within Smad4 mRNA 3′UTR. The matched base pairs are highlighted with a red box. (b) Dual-luciferase reporter assay in HEK293T cells. Data are mean ± SD (n = 5). * P<0.05 vs WT NC group and MUT miR-26a mimic group. Statistical significance was determined using two‐way ANOVA followed by Bonferroni post test. (c, d) AngII-induced VSMCs were transfected with miR-26a mimic, inhibitor or corresponding NC, and the control group was a blank control. (c) Relative miR-26a expression measured by qRT-PCR. (d) Relative protein level of Smad4 assessed by western blot analysis. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs mimic NC or inhibitor NC; $ P<0.05 vs inhibitor. (e-h) Smad4 regulates Smad3 activation and p-Smad3 nuclear translocation. (e) Relative expression level of miR-26a after silencing Smad4 with siRNA in AngII-induced VSMCs. (f, g) Relative protein expression of (f) Smad4 and (g) p-Smad3 after Smad4 silencing with siRNA. (h) Immunofluorescence cell staining to detect the nuclear translocation of p-Smad3 after siRNA inhibition of Smad4 in AngII-induced VSMCs. Data are mean ± SD (n = 5). * P<0.05 vs Control; # P<0.05 vs AngII or AngII+NC. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparisons test. NC, negative control; MUT, mutant-type; siRNA, small interfering RNA; DAPI, 4',6-diamidino-2-phenylindole; AngII, angiotensin II; p-Smad3, phospho-Smad3.
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Fig. 10: Proposed model for the role of miR-26a in hypertensive vascular remodeling.
AngII downregulates miR-26a expression by stimulating Smad3 activation in VSMCs. miR-26a downregulation upregulates Smad4, which increases Smad3 activation and nuclear translocation of phospho-Smad3 (p-Smad3) and further attenuates miR-26a expression. The activation of an miR-26a/Smads positive feedback loop leads to continuous downregulation of miR-26a expression, which in turn targets CTGF and the EZH2/p21 pathway, results in ECM deposition and excessive VSMC proliferation, and eventually VR. AngII, angiotensin II; R, receptor; p, phosphorylation; CTGF, connective tissue growth factor; EZH2, enhancer of zeste homolog 2; ECM, extracellular matrix; VR, vascular remodeling.
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