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Abstract

Previously we found decreased expression of SOCS3 in neointimal hyperplastic region following 

balloon angioplasty in atherosclerotic micro swine. In our recent in vitro studies using human 

coronary artery smooth muscle cells (HCASMC), we observed the inhibition of SOCS3 

expression in the presence of both TNF-α and IGF-1, correlating with the in-vivo findings in 

microswine. We also reported that two independent mechanisms, JAK/STAT3/NFκB and promoter 

methylation of SOCS3 were responsible for TNF-α– and IGF-1-induced SOCS3 inhibition. In this 

study, using miRNA array and gene expression approaches, we explored the molecular 

mechanisms involved in the above SOCS3 repression and identified several miRNAs that are 

associated with the regulation of SOCS3 expression. Our miRNA expression profiling revealed 

profound down-regulation of two specific miRNAs, hsa-miR-758 and hsa-miR-1264, whose 

expression levels decreased by 8–10 folds when HCASMCs were treated with both TNF-α and 

IGF-1. This was accompanied with a significant up-regulation of three specific miRNAs, hsa-

miR-155, hsa-miR-146b-5p and hsa-miR-146a, which showed about 3–7 fold increases in their 

expression levels. Importantly, we also found that the miRNA hsa-miR-1264 targets DNA 

methyltransferase-1 (DNMT1) transcripts by binding to its 3’UTR region to affect its expression. 

Expression of hsa-miR-1264 in HCASMCs not only resulted in decreased DNMT1 mRNA 

transcripts but it also increased SOCS3 expression. The treatment with TNF-α and IGF-1 resulted 

in drastic decrease in hsa-miR-1264 levels with no change in the expression of DNMT1. 

Consequently, the DNMT1 activity caused hypermethylation in the CpG island of the SOCS3 

promoter region and inhibited its expression. This could be a causative epigenetic mechanism 
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associated with TNF-α– and IGF-1-induced smooth muscle cell proliferation involved in the 

pathogenesis of coronary artery hyperplasia and restenosis.
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1. Introduction

SOCS3 is a member of eight structurally related SOCS family proteins that affect cell 

proliferation by regulating the JAK/STAT signaling pathway [1–5]. The inflammatory 

cytokines, TNF-α and IGF-1, were reported as key factors that regulate cellular hyperplasia 

and restenosis resulting from intervention procedures in the atherosclerotic coronary arteries 

[6–8]. Our recent study showed that SOCS3 expression was dramatically decreased in 

porcine coronary artery smooth muscle cells (PCASMCs) in presence of TNF-α and IGF-1 

[9]. We also showed that the SOCS3 promoter region was methylated when human coronary 

artery smooth muscle cells (HCASMCs) were treated with both TNF-α and IGF-1, which 

resulted in the inhibition of SOCS3 expression [10].

Three DNA methyltransferases (DNMTs), DNMT1, DNMT3a and DNMT3b were reported 

to be involved in catalyzing the DNA methylation activity, of which DNMT1 was identified 

as the major DNA methyltransferase in mammalian cells which methylates genomic DNA 

during replication [11, 12]. Recent studies identified that promoter methylation activity of 

DNMTs in the CpG islands was affected by micro RNAs (miRNAs), which target their 

untranslated regions [13–18]. MiRNAs are small (21–23 nucleotides), non-coding, single-

stranded RNA molecules which regulate gene expression. Initially, they were identified for 

their ability to directly bind to the 3′ untranslated region (UTR) of target mRNA transcripts 

and inhibit their gene expression either by inducing mRNA degradation or repressing 

translation [19]. However, there is increasing evidence which suggests that miRNAs also 

bind to the promoter regions of the gene and also within the coding sequences of the 

transcript. It was also reported that a single miRNA can regulate multiple genes due to 

significant variation in their sequence homology. It is estimated that miRNAs control up to 

60% of human genes and can inhibit many cellular pathways and affect transcription and 

translation in the cell [20, 21].

The aim of the present study was to investigate the resulting effect of TNF-α and IGF-1 

treatment which leads to epigenetic repression of SOCS3 in smooth muscle cells, and to 

identify the associated molecular mechanism that enhances cell proliferation, causing 

intimal hyperplasia and restenosis. Our miRNA expression profiling identified a few specific 

miRNAs that are up or down-regulated by the combined treatment of TNF-α and IGF-1. 

Importantly, our studies showed that the miRNA hsa-miR-1264 was drastically down-

regulated by the cumulative effect of TNF-α and IGF-1 treatment. Subsequently, transcript 

binding analysis of hsa-miR-1264 showed that hsa-miR-1264 has a potential binding site 

within the 3’UTR of DNMT1 transcript. Therefore, down-regulation of hsa-miR-1264 does 
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not affect DNMT1 expression and as a result DNMT1 methylates the promoter region of 

SOCS3 and represses its gene expression. These results were further confirmed by 

transfection of hsa-miR-1264 in HCASMCs where DNMT1 activity was inhibited and 

simultaneously restored the SOCS3 expression. These results support our hypothesis that 

epigenetic inhibition of SOCS3 is regulated by hsa-miR-1264 which specifically targets 

DNMT1 transcript.

2. Materials and Methods

2.1. Reagents

Recombinant human TNF-α and IGF-1 were obtained from PeproTech, Inc. (Rocky Hill, 

NJ). All cell media, growth factors and antibiotics were purchased from Science Cell, 

(Carlsbad, CA). Antibodies DNMT1, SOCS3 and GAPDH were obtained from Abcam 

(Cambridge, MA, Cat No: ab152153), Cell Signaling Technology (Danvers, MA, Cat No: 

2923) and Novus Biologicals (Littleton, CO, Cat No: NB300-221), respectively. The 

miRNA isolation kit “mirVana” was purchased from Ambion, Life technologies (Grand 

Island, NY, Cat No: AM1560). The miRNAs hsa-miR-1264 mimic Cat No: 4464066; 

inhibitor Cat No: 4464084 and miRNA Negative Control #1 Cat No: 4464058, and the 

transfection agent SiPORT NeoFX Cat No: AM4511 were purchased from Life technologies 

(Grand Island, NY). MTT reagent (Cat No: M5655) was obtained from Sigma-Aldrich (St. 

Louis, MO).

2.2. Cell Culture

HCASMCs were purchased from Cell Applications, Inc. (San Diego, CA) at passage 2. 

Cells were maintained in smooth muscle cell media (SMCM) containing 10% FBS, smooth 

muscle cell growth supplement (SMCGS), and 1% penicillin/streptomycin in a humidified 

5% CO2 atmosphere at 37°C. Cells from passages 3–5 were used for in vitro experiments. 

About 2.5 × 105 cells were seeded in 25cm2 flasks and at 70% confluence cells were serum-

starved overnight before use. Cells were first transfected and after 24 hours they were 

stimulated with TNF-α and IGF-1 at 100ng/ml concentration for additional 24 hours. Cells 

lysates were prepared by adding either RIPA buffer for protein isolation or with the supplied 

lysis buffer for miRNA and mRNA isolation.

2.3. RNA Isolation

Total RNA, including small non-coding RNAs, was isolated from HCASMC cell culture 

using the mirVana RNA isolation kit according to the manufacturer’s instructions. The 

quantity of isolated RNA was determined using ND-1000 spectrophotometer (Thermo 

Scientific, Rockford, IL) and the quality of RNA was analyzed using the Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA). The 260/280 ratio of all RNA samples 

were between 1.8 and 2.1 and the RNA Integrity Numbers were >8.

2.4. MiRNA Expression Profiling

The miRNA profiling was performed both by Affymetrix GeneChip miRNA 2.0 arrays 

(Santa Clara, CA) and quantitative reverse transcription-PCR using the TaqMan Open Array 

miRNA panel with Megaplex primer pools (Applied Biosystems, Foster City, CA). 
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Affymetrix miRNA labeling, array hybridization and data processing, and labeling of total 

RNA (including low molecular weight RNA) was done using the Flashtag RNA Labeling 

Kit (Genisphere, Hatfield, PA) in accordance with the manufacturer’s instructions. Tailing 

reaction for each sample was carried out using 2 μg of total RNA incubated in buffer 

containing 2.5 mM MnCl2, dATP, and Terminal transferase for 15 minutes at 37°C followed 

by ligation of the biotinylated signal molecule to the target RNA sample (1× Flash Tag 

ligation mix biotin, T4 DNA ligase - incubation for 30 minutes at RT) and the reaction was 

stopped with the addition of stop solution. Hybridization of the samples was done in 

GeneChip® miRNA Array (Affymetrix, Santa Clara, CA) at 48°C overnight with shaking at 

60 rpm. Following this, the samples were washed and stained on Fluidics Station 450 

(Fluidics script FS450_0003) and ultimately scanned on a GeneChip® Scanner 3000 7G 

(Affymetrix). The raw data was processed in the following order: background detection, 

RMA global background correlation, quantile normalization, median polish and log2-

transformation with miRNA QC tool software (Affymetrix). Two independent experiments 

were performed for each sample. The miRNA profiling was also determined by stem-loop 

quantitative reverse transcription-PCR (qRT-PCR) for mature miRNAs using the Taqman 

Open Array human miRNA panel on a Biotrove Open Array NT cycler (Applied 

Biosystems, Foster City, CA). First, the total mRNA (100 ng) was converted to cDNA using 

the human megaplex RT primers on Veriti 96 well thermal cycler (Applied Biosystems, 

Foster City, CA). Megaplex RT primers contain two sets (A and B) of 381 stem-looped 

reverse-transcription (RT) primers that allow for the simultaneous synthesis of cDNA for 

mature miRNA. Reaction was carried with 3 μl of total RNA (about 350 ng) and was 

supplemented with RT primer mix (10 ×), dNTPs with dTTP (100 mM), Multiscribe 

Reverse Transcriptase (50 U μl−1), RT buffer (10X), MgCl2 (25 mM) and RNase inhibitor 

(20 U μl−1) in a total reaction volume of 7.5 μl. The reaction mixture was subjected to 40 

cycles of 16°C for 2 min, 42°C for 1 min and 50°C for 1 s, followed by reverse transcriptase 

inactivation at 85°C for 5 min. In the subsequent step, preamplification reaction was carried 

out with 2.5 μl of Megaplex RT product using megaplex preamp primers for preamplifying 

specific cDNA targets and to increase the quantity of desired cDNA for gene expression. 

PCR amplification was carried out as follows: 95°C for 10 min, 55°C for 2 min and 75°C for 

2 min, followed by 12 cycles of 95°C for 15 s and 60°C for 4 min. The preamplified target 

cDNA samples were transferred to a 384-well plate containing universal TaqMan Master 

Mix (Applied BioSystems, P/N 4324018) for amplification using Open Array system. The 

cDNA/master mix was loaded on the array by the Open Array Autoloader (Applied 

Biosystems, Foster City, CA). The TaqMan Open Array for miRNA is a 3072-well 

microfluidic card containing dried TaqMan primers and probes for gene expressions of 758 

miRNA’s, including necessary controls. After loading, the array was transferred to the slide 

and sealed manually as described in the manual. Biotrove Open Array NT Cycler (BioTrove 

Inc., Woburn, MA, now Life Technologies, Applied Biosystems) was used to amplify the 

samples.

2.5. HCASMCs transfection with hsa-miR-1264

HCASMCs were cultured in SMCM medium to about 70% confluence and were serum 

starved overnight prior to transfection. Although a 20nM concentration of the miRNA hsa-

miR-1264 was found effective at the lower range, 100nM concentrations of the mimic, 
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inhibitor or the negative control #1 were used for transfection. OptiMEM medium was used 

to dilute the miRNAs or the transfection reagent and the cells were transfected for 24 hours. 

The next day for treatment groups, medium was replaced with fresh SMCM medium 

containing TNF-α and IGF-1 at 100 ng/ml each and incubated further for additional 24 

hours. Cell lysates were prepared for either protein or miRNA and mRNA isolation as 

described above.

2.6. QPCR

Using the total RNA was isolated as described above, First-strand cDNA synthesis was 

carried with 1 μg of total RNA mixed with the buffer containing oligo dT (1μg), 5 X reaction 

buffer, MgCl2, dNTP mix, RNAse inhibitor and Improm II reverse transcriptase, as 

described in the Improm II reverse transcription kit (Promega, Madison, WI). Following the 

first strand synthesis, real-time PCR was done using 8μl cDNA, 10 μl SYBR green PCR 

master mix (BioRad Laboratories, Hercules, CA) and forward and reverse primers (10 

picomol/μl) (Integrated DNA Technologies, San Diego, CA) in the real-time PCR system 

(CFX96, BioRad Laboratories, Hercules, CA). The primer sequences used were: DNMT1-

FP 5′-AAGAACGGCATCCTGTACCGAGTT-3′ RP 5′-

TGCTGCCTTTGATGTAGTCGGAGT-3′; GAPDH-FP 5′-

GGGAAGGTGAAGGTCGGAGT-3′, RP 5′-TTGAGGTCAATGAAGGGGTCA-3′ and 

SOCS3qPCR-FP 5′-AGCAGCGATGGAATTACCTGGAAC-3′ RP 5′-

TCCAGCCCAATACCTGACACAGAA-3′. The PCR cycling conditions used were as 

follows: 5min at 95 ºC for initial denaturation, 40 cycles of 30s at 95ºC, 30s at 58ºC, and 30s 

at 72ºC. Each real-time PCR was carried out with at least 3 individual samples. The 

threshold cycle values were averaged, and the specificity of the primers was analyzed by 

melting curve. Calculations of relative gene expression was done using BioRad CFX 

manager software based on the ΔΔCt method by normalizing against the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.7. Protein Isolation and Western Blot Analysis

Cell lysates were prepared in RIPA buffer and the lysate was sonicated followed by high 

speed centrifugation at 4°C and the clarified supernatant was collected. Total protein in the 

supernatant was analyzed by the bicinchoninic acid (Sigma-Aldrich, St. Louis, MO) method 

using bovine serum albumin as the standard. The protein samples (20 μg) were separated on 

a 10–20% SDS–PAGE gradient gel (Bio-Rad, Hercules, CA) and then transferred onto nitro 

cellulose membrane (Bio-Rad, Hercules, CA) for immunoblotting. Blots were blocked with 

5% milk in PBS-Tween for 1 hour, and the membranes were washed and incubated for 1 

hour with target antibodies which were diluted at 1:1000 in nonfat milk in buffer containing 

PBS and Tween-20. Subsequently, the blots were washed and incubated for another 1 hour 

with Horseradish peroxidase conjugated anti-rabbit secondary antibodies (Novus 

Biologicals, Littleton, CO) diluted at 1:1000. Finally, the immunoblot was developed with 

ECL Chemiluminescence detection reagents (Amersham Pharmacia Biotech, Piscataway, 

NJ) and hybridization of proteins specific to each antibody were detected using UVP 

Bioimaging system or BioRad ChemiDoc. For quantification, the blots were initially probed 

with the antibody of interest, and then stripped in stripping buffer prior to probing with the 

housekeeping protein GAPDH.
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2.8. DNMT1 Activity Assay

After transfection and stimulation of HCASMCs, nuclear protein extract was prepared using 

the EpiQuik nuclear extraction kit from ET Epigentek (Brooklyn, NY, USA) following the 

manufacturer’s protocols and the protein concentration was measured using bicinchoninic 

acid (Sigma, St Louis) method. The activity of DNMT1 in the nuclear extracts was 

determined using the Epiquick DNMT1 assay Kit which measures total DNMTI levels 

(Epigentek). About 20μg of protein was added to a 96-well plate that was pre-coated with 

substrate specific for DNMT1in a total volume of 100 μl, and the plate was incubated for 90 

min at 37 °C, which was followed by another incubation for 30 min at 37 °C in 150 μl of 

blocking buffer after removing the reaction solution. Primary antibody for DNMT1 was 

added after blocking and incubated for 1 h at room temperature followed by the addition of 

secondary antibody after washing and incubated for additional 30 min at room temperature. 

Finally, after washing the secondary antibody (detection antibody), developing solution was 

added and the reaction was stopped by adding stop solution. To quantify the enzyme activity, 

absorbance was measured at 450 nm with an optional reference wavelength of 655nm.

2.9. Cell Proliferation – MTT Assay

About 5000 cells were seeded in each well of a 96 well plate and the cells were allowed to 

adhere overnight. Next day the medium was replaced with 100 μl of fresh SMCM medium 

and continued to grow for another 24 hours. The cells were then transfected with either 

mimic or inhibitor of hsa-miR-1264, or negative control miRNA as described above but 

scaling the experiment down for 96 well plate volume. After 24 hours, the transfected cells 

were treated with or without TNF-α and IGF-1 at 100 ng/ml each, and the cells were 

incubated for additional 24 hours. To assess the cell proliferation, MTT assay was carried 

out. Briefly, to the cells that were transfected and treated, about 1/10 volume of MTT 

reagent dissolved at 5 mg/ml concentration in PBS was added and the cells were further 

incubated for 4 hours. The supernatant was aspirated and equal volume of acidified 

isopropanol was added and the plate was incubated at room temperature for about 10 min 

and quantified using spectrophotometer at 570 nm wavelength. Samples were analyzed in 

six replicates and the average values with standard error are shown.

3.0. Cell wound migration assay

Assay was carried out in 24 well plate. About 50,000 cells were seeded in each well of a 24 

well plate. Once the cells reached about 60% confluence, using a 1 ml pipette tip, the cells 

were scrapped off and transfected and treated with TNF-α and IGF-1 followed by scrapping 

of the cells using a 1 ml tip. The cells were then transfected and treated as described above 

but scaling up for 24 well format. After three consecutive medium changes for three days, 

the cells were observed under the Nikon microscope at 4× magnification and the acquired 

images are shown. The white solid lines delineate the initial scrapped off zone, and the cells 

migrated insides the scrapped off zone are considered to estimate the extent of cell 

proliferation.
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3.1. Statistical Analysis

MicroSoft Office Excel 2013 and GraphPad Prism version 2, was used to analyze the data. 

Data are shown as the mean ± standard error of mean (SEM). Multiple group comparisons 

were performed with Bonferroni’s multiple comparison test and One-way ANOVA. 

Probability (P) value < 0.05 was considered as statistically significant.

3. Results

3.1. TNF-α and IGF-1 induces aberrant change in miRNA expression in HCASMCs

Changes in expression levels of different miRNAs were observed in HCASMCs that were 

treated with TNF-α (100ng/ml) and IGF-1 (100ng/ml) both individually and in 

combination. MiRNA expression was initially determined by Affymetrix GeneChip miRNA 

2.0 array that contains a comprehensive miRNA coverage for human, mouse and rat models 

on a single array. This array provides 15,664 probe sets of mature miRNA from miRBase 

V15 for 132 organisms containing 2,334 snoRNAs and scaRNAs besides 2,202 pre-miRNA 

probes for humans, mice and rats. In the present study, we focused on variations in human 

miRNA expressions in conditions that mimic in vivo hyperplasia. Results from the 

Affymetrix miRNA GeneChip were further confirmed by performing gene expression 

analysis using TaqMan Open Array system and human miRNA panel with Megaplex primer 

pools that contains 758 human miRNA probes, along with necessary controls. A significant 

change in the expression of several miRNAs was observed when HCASMCs were treated 

with TNF-α and IGF-1 alone and in combination. Figure 1 shows expression profiles of 

different miRNAs identified from cells that were treated with TNF-α or IGF-1 or with both 

TNF-α and IGF-1. Only those miRNAs that exhibited significant change in expression 

levels or are specific for each treatment were shown. Five miRNAs with 2–3 fold increase, 

and also five miRNAs with about 2-fold decrease in their expression levels, as compared 

with controls, were identified in HCASMCs that were treated with TNF-α alone (Figure 1). 

Also ten different miRNAs that were up-regulated with about 2–6 fold increase along with 

five miRNAs that were down regulated by over 2-folds in HCASMCs stimulated with IGF-1 

alone are shown (Figure 1). Three different miRNAs that were up-regulated with over 2-fold 

increase, and twelve miRNAs that were found down-regulated with about 2–10 fold change 

in their expression levels in HCASMCs that were treated with both TNF-α and IGF-1 was 

shown (Figure 1). Most interestingly, these results demonstrate that two miRNAs namely 

hsa-miR-758 and hsa-miR-1264 were remarkably down-regulated in the TNF-α and IGF-1 

treated group with about 8–10 fold decrease in their expression levels. These findings 

support our earlier reported observations that simultaneous treatment with TNF-α and IGF-1 

leads to inhibition of SOCS3 expression indicating that miRNAs have key role in regulating 

SOCS3 gene expression during neointimal hyperplasia.

3.2. DNMT1 is a Direct Target of hsa-miR-1264

We identified that SOCS3 gene was not a direct target of hsa-miR-1264 when analyzed with 

MiRanda and TargetScan 4.0 [22, 23]. Interestingly, Target scan analysis showed that 

DNMT1 has a binding site for miR-1264 within its 3’UTR (Figure 2). Functionally, 

miRNAs bind to the target mRNA sequences and form heteroduplex, and this binding occurs 

with about 2 to 8 nucleotides of miRNA (called seed region) and the mRNA transcript. The 
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effective binding between the miRNA seed region and mRNA is the key factor that affects 

expression of the transcript [24, 25]. In Figure 2A and 2B, we show the TargetScan analysis 

of the seed region of hsa-miR-1264 which potentially interacts with the 3′ UTR sequence of 

DNMT1 transcript. Our previous studies demonstrated that HCASMCs when treated with 

both TNF-α and IGF-1 together results in methylation of SOCS3 promoter, and it is well 

documented that DNMT1 is a key enzyme that methylates DNA especially in the CpG 

islands including the promoter region. Further, our recent analysis of the complete human 

SOCS3 gene using EMBOSS Cpgplot revealed the presence of a major CpG island spanning 

about 2.4 kb region which encompasses the promoter region and the first exon, indicating a 

potential site for DNMT1 activity [26, 27]. Thus the miRNA analysis clearly indicates a 

regulatory role of hsa-miR-1264 whose expression was down-regulated in HCASMCs that 

were treated with both TNF-α and IGF-1.

3.3. hsa-miR-1264 Increases SOCS3 Expression in HCASMCs

Regulation of SOCS3 expression in HCASMCs was studied by transfecting cells with hsa-

miR-1264 precursor, which is a double-stranded, small RNA molecule that mimics 

endogenous miRNA. Expression of hsa-miR-1264 in HCASMCs through cellular 

transfection resulted in up-regulation of SOCS3 expression (Figure 3A). Transfection of hsa-

miR-1264 into HCASMCs was found to increase SOCS3 expression in presence of TNF-α 
and IGF-1, Real-Time PCR analysis showed significant down-regulation of SOCS3 

expression in presence of TNF-α and IGF-1 in cells that were treated with either hsa-

miR-1264 or its inhibitor (Figure 4).

3.4. DNMT1 Expression in HCASMCs Transfected with hsa-miR-1264 or its specific 
inhibitor

Expression of DNMT1 in HCASMCs that were transfected with hsa-miR-1264 precursor or 

inhibitor, in presence or absence of both TNF-α and IGF-1 was tested. Increased expression 

of DNMT1 was observed in cells transfected with hsa-miR-1264 inhibitor (Figure 3B). 

Since hsa-miR-1264 was identified to specifically target DNMT1 transcript, real-time PCR 

analysis was also carried out which showed a drastic increase in DNMT1 transcripts in cells 

that were transfected with hsa-miR-1264 inhibitor (Figure 4).

3.5. DNMT1 Enzyme Activity in HCASMCs Transfected with hsa-miR-1264

DNMT1 activity was measured in the nuclear extracts of HCASMCs that were transfected 

with hsa-miR-1264 mimic or inhibitor in presence of both TNF-α and IGF-1. DNMT1 

activity was found drastically reduced in cells that were transfected with hsa-miR-1264 

mimic, and in cells that were transfected with the hsa-miR-1264 inhibitor, about 6-fold 

increase in the expression was observed when compared to untreated control (Figure 5). The 

observed drastic reduction in DNMT1 enzyme activity in cells transfected with hsa-

miR-1264 confirms that DNMT1 is a direct target of hsa-miR-1264.

3.6. Effect of hsa-miR-1264 Mimic or Inhibitor on Cell Proliferation

HCASMCs that are transfected with either negative control miRNA, or hsa-miR-1264 mimic 

or inhibitor and treated with TNF-α and/or IGF-1 showed significant difference in cell 
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proliferation as assessed using MTT reagent. When compared with normal control or 

transfection control, increased cell proliferation was observed in cells transfected with hsa-

miR-1264 inhibitor and treated with both TNF-α and IGF-1 (Figure 6).

3.7. Effect of hsa-miR-1264 Mimic or Inhibitor on Cell Migration

Significant difference in cell migration was observed when HCASMCs were transfected 

with hsa-miR-1264 mimic or its inhibitor when compared to control miRNA. Cell migration 

was evaluated with in vitro scratch wound assay, where cells were grown to about 70% 

confluence and transfected the mimic or inhibitor or the negative control. In the control 

group, complete migration of cells inside the scrapped zone was observed. Increased 

proliferation of cells was observed in the cells transfected with the inhibitor and treated with 

TNF-α and IGF-1 compared to cells that were transfected with the mimic and treated with 

TNF-α and IGF-1 (Figure 7A–C).

4. Discussion

We previously found dramatic decrease in SOCS3 expression in the neointimal lesion 

following balloon angioplasty in the coronary arteries of atherosclerotic swine and in in vitro 
culture [9]. In HCASMCs, we reported that only IGF-1 treatment, but not TNF-α, induces 

activation of STAT3, whereas NF-κB was activated only in response to TNF-α treatment, 

but not IGF-1, and the co-immunoprecipitation results showed the binding of activated 

STAT3 to NF-κB in the cells that were treated with both TNF-α and IGF-1 [10]. These 

results not only suggest that SOCS3 expression was pre-transcriptionally inhibited, but it 

also essentiates the role of canonical JAK/STAT/NF-κB pathway in regulating SOCS3 

expression. Another interesting finding was that the treatment with TNF-α and IGF-1 

increased DNMT1 expression, and silencing of DNMT1 using siRNA restored SOCS3, as 

analyzed by methylation specific PCR. These findings suggested that SOCS3 promoter 

methylation and STAT3-NF-κB interaction are two independent mechanisms that are 

responsible for the decrease in SOCS3 expression in HCASMCs in the presence of both 

TNF-α and IGF-1 [10].

The presence of a major CpG island in the SOCS3 promoter region and our earlier evidence 

of methylation in the promoter region of SOCS3 indicate that the expression of SOCS3 

could also be epigenetically regulated by miRNAs that play a critical role in regulating gene 

expression by binding to the 3′ UTR of target mRNA to either repress translation or cause 

degradation. It is estimated that more than 60% of the human genes are regulated by 

miRNAs, and the clear role of miRNAs in gene regulation suggests that epigenetic 

alterations in gene expression is the important mechanism in the cell occurring during 

growth, development, and in pathological conditions. The increasing volume of literature on 

the role of microRNAs in different human diseases, especially in cancer and other neoplastic 

diseases, suggests their clinical significance. Several clinical trials are in progress to evaluate 

the therapeutic potential of microRNAs in human diseases such as the MRX34 which was 

used as “microRNA replacement therapy” in patients with liver cancer. Therefore, the 

present study was conducted to identify potential miRNAs and their role in regulating 

SOCS3 expression in smooth muscle cells that were treated with high concentrations of 
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cytokines and growth factors, such as TNF-α and IGF-1, which would mimic the in vivo 
pathological conditions resulting in the development of intimal hyperplasia and restenosis in 

coronary arteries following coronary intervention.

Similar to our previous reports using porcine smooth muscle cells in which TNF-α or IGF-1 

treatment independently resulted in the inhibition of SOCS3 expression; in this study their 

combined treatment also resulted in significant inhibition of SOCS3 in HCASMCs. We 

further extended this study to identify the possible miRNAs associated with SOCS3 

regulation, and carried out a comprehensive expression profiling of miRNAs in HCASMCs 

that were stimulated with inflammatory cytokine TNF-α and growth factor IGF-1 together 

and independently. In this study, we identified significant variations in the expression levels 

of different miRNAs in HCASMCs that were treated with both TNF-α and IGF-1 together 

or independently. Here, we show a few of the specific miRNAs whose expressions were 

significantly altered, as analyzed by miRNA expression profiling (Figure 1). Among them, 

two miRNAs, hsa-miR-758 and hsa-miR-1264, showed a drastic decrease in their expression 

(8–10 fold) which correlated with the inhibition of SOCS3 expression when treated with 

TNF-α and IGF-1.

The miRNA, hsa-miR-758 was recently reported to be repressed in cholesterol loaded 

macrophages in which expression of ABCA1 transporter that is crucial for cholesterol efflux 

was inhibited. Since depletion of cholesterol from macrophage foam cells is a direct 

mechanism that aids in the prevention of atherogenesis, targeting hsa-miR-758 was 

identified as having high therapeutic significance in treating cardiovascular diseases [28]. In 

our study, we identified that the combined treatment of TNF-α and IGF-1 results in a drastic 

decrease in the anti-atherogenic miRNA hsa-miR-758 (Figure 1). Although down-regulation 

of hsa-miR-758 correlates with inhibition of SOCS3 expression, an extensive study is 

required to understand the precise mechanism involved by considering different 

physiological pathways that hsa-miR-758 may regulate.

Interestingly, a novel finding that we show in our present study was the down-regulation of 

hsa-miR-1264 in HCASMCs treated with both TNF-α and IGF-1, contributing to the 

inhibition of SOCS3 expression. To our knowledge this is the first report that shows clinical 

significance of this mircroRNA and its role in hyperplasia and restenosis. Since repression 

of SOCS3 is associated with decreased expression of hsa-miR-1264, we presumed that 

SOCS3 may not be a direct target for hsa-miR-1264. We then analyzed the complete genetic 

sequence of SOCS3 gene and as anticipated we could not find any binding site for hsa-

miR-1264 within the SOCS3 gene. Interestingly, the 3’UTR of DNMT1 gene showed a 

potential binding site for hsa-miR-1264 as analyzed using Target scan and miRBase (Figure 

2) [29–33]. These findings are in coherence with recent reports on hsa-miR-21 and hsa-

miR-148 which induce DNA hypomethylation by directly and indirectly targeting DNMT1 

in Lupus CD4+ T cells [13, 17]. As seen in Figure 1, the present findings also identify that 

IGF-1 treatment alone can result in significant up-regulation of hsa-miR-21 and hsa-

miR-148a. Also, it was reported earlier that down-regulation of hsa-miR-149 was involved 

in hypermethylation of the neighboring CpG islands in colorectal cancer [34]. This specific 

function involving down-regulation of hsa-miR-149 leading to hypermethylation can also be 
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deciphered from the present study where treatment with both TNF-α and IGF-1 resulted in 

significant down-regulation of hsa-miR-149 (Figure 1).

Further, we analyzed for the presence of putative CpG islands in the complete sequence of 

human SOCS3 gene (NCBI Accession # NG_016851) using EMBOSS Cpgplot [26]. The 

results show the presence of a major CpG island that encompasses the entire promoter 

region and also all of the coding sequence of the SOCS3 gene[27]. This CpG island between 

4.261 kb to 6.673 kb of the genomic region of SOCS3 gene was detected with a high 

observed to expected ratio of 0.784 (threshold value is 0.65), and spans about 2.413 kb with 

71.3% GC content. Presence of such a CpG island indicates it as a hot spot for DNMT1 

activity and is potentially an ideal target for promoter methylation. In addition, we evaluated 

the binding characteristics of hsa-miR-1264 on DNMT1 transcript using TargetScan 

analysis. As seen in Figure 2, it is evident that the seed region of this miRNA has a strong 

binding site at 260–266 nt position in the 3’UTR of DNMT1 transcript, which clearly 

indicates that down-regulation of hsa-miR-1264 leads to continued activity of DNMT1 

which then engages in constitutive methylation activity in the cell. As a result of this 

methylation expression of several genes could be down-regulated.

We previously reported that upon combined treatment with TNF-α and IGF-1, SOCS3 

expression was inhibited or greatly reduced. Therefore, we hypothesize that this down-

regulation of SOCS3 could be a consequence of DNMT1 activity. DNMT1 is the key 

enzyme that is responsible for methylation of DNA sequences especially in the promoter 

region. In the present study we carried out additional studies to unravel the epigenetic 

mechanism that regulates DNMT1 activity. First we transfected HCASMCs to express hsa-

miR-1264 mimic where we found that SOCS3 expression was increased in presence of both 

TNF-α and IGF-1 (Figure 3, Panel A). Also, we studied the DNMT1 expression in 

HCASMCs that were transfected with hsa-miR-1264 and treated with both TNF-α and 

IGF-1. As seen in Figure 3 Panel B, transfection of hsa-miR-1264 inhibitor in HCASMCs 

resulted in up-regulation of DNMT1. Further, qPCR analysis with primers specific for 

DNMT1 using total RNA isolated from cells showed increased levels of DNMT1 mRNA 

(Figure 4). Also, the DNMT1 enzyme activity was significantly decreased in cells that were 

transfected with hsa-miR-1264 and treated with both TNF-α and IGF-1 (Figure 5). These 

results clearly demonstrate that DNMT1 is a direct target of hsa-miR-1264, which binds to 

3’UTR region of the DNMT1 transcript and inhibits its expression. Therefore, in the absence 

of DNMT1, SOCS3 expression was restored which then inhibits cellular proliferation. This 

hypothesis was further confirmed by the inhibition of cell proliferation in the cells 

transfected with hsa-miR-1264 inhibitor (Figure 6). In addition, we also conducted cell 

migration through scratch wound assay which further supports our hypothesis that hsa-

miR-1264 potentially interacts with DNMT1 and regulates cell migration by inhibiting 

SOCS3 expression (Figure 7A–C).

Inhibition of SOCS3 in the presence of both TNF-α and IGF-1 and not by either TNF-α or 

IGF-1 alone indicates that the mechanism of SOCS3 inhibition is very complex and is 

mediated through more than one signaling mechanism. This also infers that DNMT1 

mediated genome wide methylation is one of the epigenetic mechanisms that contributes to 

SOCS3 inhibition and the expression of DNMT1 is regulated by its specific microRNA hsa-
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miR-1264. In addition, we did not observe any measurable change in phospho-STAT3 and 

phospho-NFκB in cells transfected with hsa-miR-1264 or its inhibitor, which further 

indicates that SOCS3 inhibition in cells treated with both TNF-α and IGF-1 is mediated 

through multiple mechanisms., Also, our present findings clearly demonstrate an epigenetic 

mechanism where DNMT1 mediated global methylation affects SOCS3 expression through 

promoter methylation. Importantly, our findings identify that the activity of DNMT1 was 

restored by a specific microRNA hsa-miR-1264, which is down-regulated due to the 

presence of both TNF-α and IGF-1 causing smooth muscle cell hyperplasia and restenosis. 

Figure 8 illustrates the mechanism and the effector molecules involved in the microRNA 

hsa-miR-1264 mediated direct regulation of DNMT1 expression which indirectly regulates 

SOCS3.

In consistence with the recent report on miRNA hsa-miR-155 regulating JAK/STAT pathway 

[35], the present miRNA analysis showed a seven-fold increase in hsa-miR-155 expression 

when treated with both TNF-α and IGF-1 together. However, since a five-fold increase in its 

expression was also observed in cells treated with TNF-α, its expression in relevance with 

SOCS3 regulation could not be deciphered at present which requires further investigation. 

Similarly, expression of hsa-miR-21 was observed to be increased in all three treatments and 

since hsa-miR-21 was identified to be up-regulated during vascular injury [36], its precise 

role in hyperplasia in association with SOCS3 expression is yet to be determined. Also, 

about 2-fold decrease in the expression of hsa-miR-222 was observed during SOCS3 

silencing in HCASMCs stimulated with both TNF-α and IGF-1 (Figure 1). Similar down-

regulation of hsa-miR-222 along with hsa-miR-221 was reported to suppress VSMC 

proliferation in rat carotid arteries in vivo and in neointimal lesions after coronary 

intervention. It was also shown that the two miRNAs hsa-miR-222 and hsa-miR-212 have 

potential binding sites in the 3’UTR regions of two cyclin kinase inhibitors, p27 (Kip1) and 

p57 (Kip2) genes. In rat carotid artery, increased expression of hsa-miR-221 and hsa-

miR-222 was reported at the site of angioplasty-induced vascular smooth muscle cell 

hyperplasia, which indicates that these miRNAs are required for smooth muscle cell 

proliferation [37]. In the vascular walls with neointimal lesion and in dedifferentiated VSMC 

cultured cells, down-regulation of hsa-miR-145 was reported [38]. Also, knockdown of hsa-

miR-145, which belongs to the cardiovascular specific miRNA cluster, was shown to cause 

abnormal decrease in blood pressure resulting from thinning of the vessel walls, suggesting 

the modulation of cytoskeletal organization by hsa-miR-145 [36]. Our present study further 

strengthens the above findings, as we observed that the treatment with both TNF-α and 

IGF-1 results in about 3-fold decrease in the expression of hsa-miR-145 (Figure 1), which 

could be a causative factor associated with the proliferation of smooth muscle cells resulting 

in neointimal hyperplasia and restenosis.

5. Conclusion

Following interventional procedures at the site of injury in the coronary arteries, high levels 

of cytokines TNF-α and IGF-1 were previously reported. The results presented here 

demonstrate for the first time that the presence of both inflammatory cytokines TNF-α and 

IGF-1 in HCASMCs reduced the expression of hsa-miR-1264. Down-regulation of hsa-

miR-1264 contributed to the continued expression and activity of DMNT1, which caused 
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methylation of SOCS3 promoter affecting its gene expression. Therefore, targeting hsa-

miR-1264 would have therapeutic benefits in the prevention of neointimal hyperplasia 

resulting from interventional surgical procedures.
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Glossary

SOCS3 suppressor of cytokine signaling-3

HCASMC human coronary artery smooth muscle cell

GAPDH glyceraldehyde 3-phosphate dehydrogenase

DNMT1 DNA methyl transferase-1

IGF-1 insulin like growth factor-1

TNF-α Tumor necrotic factor-α

miR microRNA
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Figure 1. 
MiRNA expression profiling. Panel A shows the difference in the expression profiles of 

specific miRNAs in cells that were stimulated with TNF-α (100 ng/ml), compared to non-

stimulated control cells. Panel B shows the difference in the expression profiles of specific 

miRNAs in cells that were stimulated with IGF-1 (100 ng/ml), compared to non-stimulated 

control cells. Panel C shows the difference in the expression profiles of specific miRNAs in 

the cells stimulated with both TNF-α and IGF-1 (100 ng/ml each), compared to non-

stimulated control cells. Graph shows the observed difference in the observed expression 

values using ΔΔCT method.
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Figure 2. 
The binding specificity of miRNA hsa-miR-1264 onDNMT1 transcript. The upper panel A 

shows sequence homology and binding of hsa-miR-1264 within the 3’UTR of DNMT1 

transcript, with seed region highlighted, as predicted by TargetScan analysis. Lower panel B 

shows the Stem-Loop structure of hsa-miR-1264, which is similar to the one identified using 

miRBase mircroRNA database. The mature sequence of hsa-miR-1264 is highlighted in blue 

and red. The sequence highlighted in red alone represents the critical seed region of the 

miRNA hsa-miR-1264.
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Figure 3. 
Effect of hsa-miR-1264 mimic and its inhibitor on DNMT1 and SOCS3 expression. Panel A 

is a Western blot showing the expression of SOCS3 in cells transfected with hsa-miR-1264 

mimic or its inhibitor and treated with or without TNF-α and IGF-1. Panel B is a Western 

blot showing the expression of DNMT1 in the cells transfected with hsa-miR-1264 mimic or 

its inhibitor and treated with or without TNF-α and IGF-1.
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Figure 4. 
Q-PCR quantification showing the fold change in gene expression of SOCS3 and DNMT1 in 

the cells transfected with hsa-miR-1264 mimic or its inhibitor and treated with TNF-α and 

IGF-1. Values are shown as mean ± SEM. Data are representative of four individual data sets 

(N=4, *p<0.05 compared to control group).
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Figure 5. 
Enzyme activity of DNMT1 in HCASMCs cells. Cells were transfected with or without hsa-

miR-1264 mimic or its inhibitor and treated with or without TNF-α and IGF-1. DNMT1 

activity was quantified in the nuclear extracts. There was significant increase in DNMT1 

activity in the cells treated with TNF-α and IGF-1 compared to control (*** p <0.001). 

However, this increased activity of DNMT1 was completely inhibited by transfecting the 

cells with hsa-miR-1264 followed by treatment with TNF-α and IGF-1 (**p <0.05). Also, 

the transfection of the cells with has-miR1264 inhibitor followed by treatment with TNF-α 
and IGF-1 increased the DNMT1 activity compared to the treatment with TNF-α and IGF-1 

(* p <0.01).
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Figure 6. 
Effect of hsa-miR-1264 mimic or its inhibitor on HCASMCs cell proliferation. Transfected 

cells were treated with TNF-α and IGF-1, and their proliferation was assessed using MTT 

reagent. Values are shown as mean ± SEM. Data are representative of six individual data sets 

(N=6, ***p<0.005 compared to control group cells that were transfected with negative 

control miRNA).
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Figure 7. 
Effect of hsa-miR-1264 mimic or its inhibitor on HCASMCs cell migration. Cell migration 

was assessed using scratch wound assay where cells were scrapped off in the culture vessel 

to create a cell free clear zone. Panel A shows migration of TNF-α and IGF-1 treated control 
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cells inside the scrapped off zone. The initially created cell free clear zone is represented as 

solid white lines. Panel B shows migration of cells transfected with hsa-miR-1264 mimic 

and treated with TNF-α and IGF-1. Panel C shows migration of cells transfected with hsa-

miR-1264 inhibitor and treated with TNF-α and IGF-1.
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Figure 8. 
Schematic illustration of the underlying mechanism of action of hsa-miR-1264. Figure 

illustrates the potential epigenetic mechanism and the interference of hsa-miR-1264 in 

regulating DNMT1 and SOCS3 expression during vascular injury induced restenosis.
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