
 

 



 

 

  



 

VASCULAR INJURY INDUCES EPIGENETIC MECHANISMS TO PROMOTE 

RESTENOSIS AFTER ANGIOPLASTY  

 

 

 

 

___________________________________ 

 

By 

WANLIN JIANG 

___________________________________ 

 

 

A DISSERTATION 

 

 

Submitted to the faculty of the Graduate School of the Creighton University for the 

Partial Fulfillment of the Requirements for the degree of Doctor of Philosophy in the 

Department of Clinical and Translation Science 

_________________________________ 

 

Omaha, NE  

August 2019 



   

 

ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to: 

 My parents 

Deli Wang and Guangyin Jiang



iii 

 



i 

 

ABSTRACT 

 

Due to the injury to the artery from PCI or surgical stenting, neointimal hyperplasia and 

restenosis are induced by the secreted growth factors and cytokines. These growth factors 

and cytokines promote phenotype switch in VSMCs which results in inhibition of VSMC 

differentiation, induction of cell proliferation and migration. Restenosis, which has an 

incidence rate of about 10% in using DES, leads to ischemia and myocardial infarction. 

Recently, different epigenetic mechanisms have been identified which regulate different 

cellular pathways and enhance the pathological progression of the disease.  

To identify different molecular mechanisms and the effector proteins involved in 

promoting vascular restenosis and intimal hyperplasia, we carried out pre-clinical studies 

using Yucatan microswine as large mammals that were fed with atherogenic diet. 

Angioplasty was performed in the LCX. After completion of the study, tissues were 

harvested for immunofluorescence and immunohistochemical staining to check for in vivo 

expression of epigenetic and downstream mediators. To identify the underlying molecular 

mechanisms, primary VSMCs were isolated from the coronary arteries and cultured for in 

vitro studies. After transfecting the cultured VSMCs with siRNA specific for HDAC2, 

HDAC10, and SOCS3, the cells were stimulated with IGF-1 and TNF-α together, or with 

PDGF-BB. The primary VSMCs were also transfected with the microRNA miR-490-3p. 

The transfected cells were treated with DNMT1 inhibitor (5-Aza-Cytidine) and HDAC2 

inhibitor (Romidepsin). MTT and scratch wound assays were used to measure VSMCs 

proliferation and migration. Finally, the expression of epigenetic markers and downstream 

regulatory proteins were detected by western blot analysis. 
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Results show increased expression of HDAC2 during intimal hyperplasia. Subsequent 

inhibition of HDAC2 expression was found to result in DNMT1 inhibition, which 

presumably was involved in promoting VSMC proliferation, migration and phenotype 

switch. HDAC10 and HDAC2 were found to co-express during intimal hyperplasia, and 

inhibition of HDAC10 was found to represses the expression of HDAC2 and DNMT1in 

VSMCs. Further, SOCS3 expression was found to inhibit the cell proliferation enhancer, 

Galectin-3, through HDAC10 and DNMT1 inhibition. 

Future studies using HDAC10 and HDAC2 double knockout mice with carotid artery 

ligation will be helpful in unraveling the molecular mechanisms that regulate HDAC10-

HDAC2-DNMT1 pathway associated with the development of neointimal hyperplasia. 

Moreover, co-localization studies and protein immunoprecipitation assays would prove 

possible molecular interactions between HDAC10 and HDAC2. Development of HDAC10 

specific inhibitor would help in identifying the role of HDAC10 in neointimal hyperplasia 

and restenosis.  
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Chapter 1: Introduction  

1.1 Pathogenesis of neointimal hyperplasia and restenosis  

Angioplasty depresses atherosclerotic lesions and also causes injury to the vessels [1]. 

Vascular restenosis occurs as a result of neointimal hyperplasia due to profuse proliferation 

and migration of vascular smooth muscle cells (VSMCs) from the tunica media. This 

neointimal hyperplasia is induced by the secretion of cytokines and growth factors [2]. 

Eventually, this vascular remodeling results in reduced patency of the coronary arteries 

which causes myocardial ischemia and infarction [3].  

The cytokine TNF-α, and the growth factor IGF-1, are among the key cytokines and growth 

factors that play a critical role in the pathogenesis of neointimal hyperplasia [4]. While 

IGF-1 induces the expression of STAT3, TNF-α triggers the expression of NF-κB in 

VSMCs. Neither IGF-1 nor TNF-α alone was shown to cause in-vitro interactions between 

phosphorylated STAT3 and NF-κB [2]. Only when IGF-1 and TNF-α are present together 

were shown to cause receptor dimerization and phosphorylation of JAK and STAT3. This 

dimerization activates NF-κB to enhance proliferation and migration of VSMCs by 

promoting transactivation of cyclin D1 and surviving [5] [6]. The previous studies from 

our group, showed JAK/STAT/NF-κB and DNMT1 pathways independently act to silence 

the expression of SOCS3 during neointimal hyperplasia [2] 

1.1.1 Epidemiology 

1.1.1.1 The total number and cost of PCI in the U.S.  

NCDR CathPCI Registry reported 377,540 PCI procedures with acute indications and 

59,375 nonacute PCI procedures in 2014 in US [7]. According to a 2013 report, the cost 
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for PCI with DES was estimated to be about $13,000 per procedure. Considering the costs 

involved during initial hospitalization, including complications and additional preliminary 

procedures, total costs are estimated about $25,845 per case. The cumulative costs for five 

years, which includes repeat revascularizations, outpatient visits, and hospitalizations were 

estimated to be about $56,900 for each PCI case with DES. This increasing cost is burden 

on both the patients and health care system [8].   

1.1.1.2 The development of BMS and DES  

The discovery and use of Bare Metal Stents (BMS) has revolutionized the treatment of 

vascular occlusion. With the development of Drug Eluting Stents (DES), a 20-40% 

decrease in the incidence of in-stent restenosis was noted when compared with the BMS. 

The first-generation DES was coated with permanent polymers for drug release. However, 

these polymers used were found to stimulate inflammation, delayed endothelialization of 

the lumen and thrombosis. To address these complications, the second-generation DES 

were developed with limus group of drugs such as the Endeavor stent (zotarolimus-eluting 

stent) and the Xience-V stent (everolimus-eluting stent). Further, use of cobalt and 

chromium in the second-generation DES was found to improve radio-opacity besides 

facilitating the development of thinner stent struts. These modifications significantly 

lowered the rate of restenosis. In efforts to continuously improve the stent quality, the 

biodegradable stents were developed. These polymer-free biodegradable stents with poly-

L-lactide (PLLA) or magnesium gradually dissolve over a short period of time with better 

vascular lumen patency [9]. A meta-analysis study investigated CAD patients having BMS, 

or the first-generation DES in 2001, but the clinical trials conducted in 2005 using second-

generation DES showed better outcome [10]. 
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1.1.1.3   Incidence and predictors of coronary artery restenosis with BMS and DES 

The frequency of restenosis in patients who had either BMS, first generation or second-

generation DES was reported to be 30.1%, 14.6% and 12.2% respectively. The meta-

analysis which included over 10,000 (coronary artery disease) CAD cases, identified vessel 

size, lesion morphology, stent length, and presence of diabetes mellitus and coronary 

bypass surgery, as independent predictors of restenosis among all types of stents [10].   

1.1.1.4   DES correlations and mortality rate 

The meta-analysis in 2006 showed DES does not reduce mortality rate compared with 

BMS, and sirolimus with anti-restenotic activity is associated with non-cardiac mortality 

[11]. Moreover, the duration of dual antiplatelet and anti-proliferative therapy, which were 

developed as DES to prevent myocardial infarction and stent thrombosis, was found to 

hold a strong correlation with elevated mortality rate by promoting the risk of non-

cardiovascular mortality [12]. Thus, there is an immediate need to improve the current 

treatment strategies and drug therapies to treat CAD patients. 

1.1.1.5 Stent modifications  

The design of stent struts was identified as among the critical factors that can potentially 

reduce the extent of mechanical force on the vessel wall to prevent recoil, and at the same 

time would influence on the extent of restenosis occurring in the vessels. In the ISAR-

STEREO-2 trial, thinner struts were found to lower the rate of restenosis by reducing the 

disturbance to sheer flow [13]. Stent thickness is also an important etiological factor that 

contributes to the extent of restenosis. However, the thinner stents have lower radial 

strength and radiopacity. It has been shown that use of platinum as the core metal in stents 
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can reduce the strut thickness from 140 µm to 74 µm, as seen in the first generation DES. 

A potential disadvantage noticed in these platinum based stents was, increased radiopacity 

[14]. The length of the stent would also have significant impact on the extent of restenosis. 

A strong correlation on the occurrence of long restenotic lesions with longer stents was 

reported. Stent length which oversteps the lesion area was found to be an independent 

factor contributing to the risk of restenosis in patients [15].  

Since endothelial denudation and damage to the subendothelium are the initial and primary 

events leading to restenosis, re-endothelialization of the lumen using endothelial progenitor 

cells was investigated as a strategy to prevent restenosis. On these lines of interest, stents 

that capture endothelial progenitor cells to promote re-endothelialization were developed 

and tested. Follow up studies using these stents showed no significant improvement in 

preventing hyperplasia [16].  

1.1.1.6 Biodegradable polymer stents 

To overcome the limitations and complications in using the modified BMS and DES stents, 

a novel strategy to develop biodegradable stents raised the enthusiasm to both clinicians 

and researchers. In the last two decades, several different metallic and non-metallic 

compounds and their combinations were used in developing biodegradable stents. Among 

them, stents using magnesium alloys were found to have a shorter clearance time in the 

body with less cytotoxicity. Use of zinc in developing self-absorbable stents was also 

investigated. In assessing the nature of the material, strength, its corrosion properties, and 

the host response, zinc based stents showed superior performance [17]. A major defect 

identified in using these novel stent types was their rapid degradation and vessel wall recoil 

[18]. These biodegradable stents were anticipated to cause minimal or no neointimal 
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hyperplasia, however a meta-analysis carried out in 2016 showed no significant 

improvements in the overall outcome between the biodegradable DES and the metal based 

DES [19]. As the concept of developing and testing biodegradable/bio-absorbable stents is 

very recent, their long term outcome on restenosis is yet to be determined. 

1.1.2 Characteristics of coronary artery restenosis 

1.1.2.1 Phases of neointimal hyperplasia and restenosis  

The pathogenesis of restenosis is the result of cumulative effects of growth factors and 

cytokines, which lead to the proliferation and migration of VSMCs causing narrowing of 

the vascular lumen. After PCI, the vessel is stretched by balloon catheter. This physical 

injury causes apoptosis of endothelial cell lining. Another complication is the exposure of 

the subintimal components of the vessel which promotes platelet aggregation and 

thrombosis. The injury also promotes recruitment of leukocytes which release reactive 

oxygen species, cytokines, chemokines and adhesion molecules that aggravates the injury. 

It has been shown that between one to six months after PCI, activation of fibroblasts and 

VSMCs occurs which results in remodeling of the extracellular matrix that correlates with 

increased collagen content. Due to this remodeling, the activated fibroblasts differentiate 

into myofibroblasts. At the same time, proliferation and migration of VSMCs gets 

stimulated by Platelet Derived Growth Factor (PDGF), angiotensin II, Transforming 

Growth Factor-β (TGF-β), Insulin-like Growth Factor 1 (IGF-1), Epidermal Growth Factor 

(EGF), serotonin, thromboxane A2 and thrombin, which all contribute to the formation of 

neointimal hyperplasia [20]. Also, the ratio of the collagen types and their composition was 

reported to be significantly altered. 
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1.1.2.2 Role of VSMCs in neointimal hyperplasia and restenosis 

During vascular remodeling, VSMCs were reported to undergo phenotype switch from 

quiescent and contractile to synthetic and migratory cell types. This event was identified 

as a prominent feature associated with the development of neointimal hyperplasia [21].  

Previously, it was presumed that VSMCs originate from the medial layer however, the 

periadventitial fibroblasts and circulating precursor cells were also identified as the source 

of these VSMCs [22]. Researcher suggests that vascular injury and inflammation triggers 

bone marrow-derived stem cells to transform into progenitor cells which then differentiate 

into VSMCs. This eventually contributes to the net increase in the number of VSMCs and 

formation of the neointimal hyperplasia [23].   

1.1.2.2.1 VSMC proliferation 

VSMC proliferation is regulated by the actions of certain cytokines and growth factors 

which interact with their corresponding receptors. Some of the identified key regulators of 

cell proliferation were PDGF, IGF-1, Notch1, Connexin 43 (CX43), and mammalian 

Target Of Rapamycin (mTOR) [24]. VSMC proliferation was also reported to be mediated 

by cell cycle regulatory proteins, such as cyclins, Cyclin Dependent Kinases (CDK), and 

CDK inhibitors [25]. Cyclin D1/CDK4, EVI1, High Mobility Group Box 1 protein 

(HMGB1), cell division control protein (cdc42), A Disintegrin And Metalloproteinase with 

Thrombospondin motifs 1 (ADAMTS1), and Cyclin E/CDK2 complexes, proliferating cell 

nuclear antigen (PCNA) were reported to interfere with the cell cycle progression at G1 

and S phases [26]. By inhibiting the Ras-p42/44 MAP kinase pathway, that is associated 

with cyclin D1 expression, Caveolin-1 was shown to prevent proliferation of VSMCs [27]. 
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In VSMCs, expression of protein kinases such as MAPKs, ERK, JNK, and p38 are induced 

by PDGF receptor. Their subsequent activation through phosphorylation of unique residues 

is associated with cell proliferation [28]. CDK inhibitors, such as p21, p27, p53, and pRb 

play an important role in preventing the proliferation of VSMCs [29]. Other signaling 

cascades that are associated with promoting VSMCs proliferation include YAP, Wnt, 

Smad4, STK3, NCKAP1, Syk/STAT3-5, Akt2, KRAS; transcription factors are KLF4, 

SRF, myocardin, Elk-1, FoxO4, and nuclear receptors such as ERα, and NOR1 [30]. 

1.1.2.2.2 VSMC migration 

The activated platelets adhere to the de-endothelialized surface of the blood vessel and 

express P-selectin to recruit Leukocytes. The newly recruited leukocytes secrete cytokines 

which trigger the VSMCs migration. Important regulatory proteins that promote VSMCs 

migration include integrins, integrin-linked kinase (ILK), Focal Adhesion Kinase (FAK), 

cortactin-cofilin, and Matrix Metalloproteinases (MMPs) [31]. 

Integrins regulate actin-mediated cytoskeleton re-organization. These integrins bind to the 

regulatory proteins and receptors on the cell surface. Also as mechanical sensors, these 

integrins interact with c-Src, protein tyrosine kinase 2 (PYK2), and FAK which undergoes 

autophosphorylation. ILK, on the other hand, mediates actin polymerization to regulate cell 

spreading via interacting with focal adhesion proteins through the kinase domain. FAK 

phosphorylation at Tyr397 enables it to interact with the Src homology 2 (SH2) to promote 

phosphatidylinositol 3-kinase (PI3K)/Akt mediated intra-cellular signaling mechanisms. 

The phosphorylation of FAK at Tyr397 also leads to induced expression of AngII which 

stimulates migration of VSMCs [32]. Cofilin was found to initiate actin polymerization, 

and at the same time, cortactin mediates activation of cofilin. This cofilin-cortactin 
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pathway has been reported to be responsible for stimulating the production of 

invadopodia/podosomes to promote migration of VSMCs after vascular injury [32].  

Degradation of the Extra-Cellular Matrix (ECM) by MMPs assists in the migration and 

proliferation of VSMCs. Among these MMPs, the gelatinases which include MMP2 and 

MMP9, were reported to be locally induced in the blood vessels at the site of injury. These 

MMPs have been shown to activate proliferation of VSMCs in an indirect mechanism 

which involves activation of PI3K [32].  The chemokine receptor CCR8, was reported to 

be uniquely induced by the human chemokine 1 (CCL1), to promote migration of VSMCs. 

The mechanism by which CCL1/CCR8 enhances neointimal hyperplasia is through 

induced expression of pro–MMP2, after arterial injury. This precursor pro-MMP2 once 

secreted into the blood stream gets cleaved by the proteases to produce active MMP2 which 

then degrades the ECM [33].   

1.1.2.2.3 VSMC phenotype switch 

In neointimal hyperplasia, the newly proliferated VSMCs appear to be phenotypically 

different from the resting/quiescent VSMCs. This change in phenotype of the VSMCs was 

reported in several vascular proliferative disorders [34]. Thus intercepting this phenotype 

transformation is a possible therapeutic strategy to prevent vascular restenosis. Several 

growth factors and chemokines, that were discussed earlier, were also found to induce 

phenotype switch in VSMCs. In normal blood vessels, the resting/quiescent VSMCs are 

contractile and are fully differentiated with elongated spindle shape. In disease conditions, 

these resting/quiescent VSMCs get stimulated and undergo rapid increase in cell 

proliferation. These newly formed VSMCs in the restenotic lesions have a synthetic 

phenotype and remain in an undifferentiated state with rhomboid appearance. The 
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phenotype switch in VSMCs was shown to be mediated by specific kinases such as ERKs, 

JNKs or SAPKs, and p38MAPKs. Further, expression of certain cellular and 

transmembrane proteins such as alpha1 integrin, beta1 integrin, alpha7 integrin, 

myocardin, α-SMA, calponin-1, and SM-MHC were reported to be decreased when 

VSMCs undergo phenotype switch. At the same time, expression of CX43, osteopontin, 

syndecan-1/4, collagen I and MMPs were reported to be substantially increased [35].   

The Long Non-Coding RNA (lncRNA) taurine up-regulated gene 1 (TUG1), complexes 

with the Enhancer of Zeste Homolog 2 (EZH2) to promote methylation of α-actin and 

eventual decrease in its expression. On the contrary, expression of F-actin gets induced. 

This EZH2 mediated regulation of α-actin and F-actin is considered as a possible 

underlying mechanism associated with the abnormal proliferation rate of VSMCs and their 

transition from contractile to synthetic phenotype [36]. 

Markers for contractile phenotype Markers for synthetic phenotype 

α1 integrin syndecan-1/4 

β1 integrin MMP2 

α7 integrin connexin 43 

calponin1 osteopontin 

α-SMA collagen I 

SM-MHC MMP9 

Myocardin EZH2 

 

Table 1. Cellular markers for contractile and synthetic phenotypes of VSMCs.  
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1.1.3 Restenosis: Clinical Manifestation and Treatment 

Several advances were made in the recent past both in the diagnosis and treatment of 

vascular restenosis. Few of the important milestones and new treatment strategies that 

greatly influenced the current standard of care are discussed below.  

1.1.3.1 Diagnosis of coronary artery restenosis 

In-Stent Restenosis (ISR) leads to gradual narrowing of the blood vessels which can be 

estimated by Optical Coherence Tomography (OCT)/angiography. Although both the Bare 

Metal Stents (BMS) and the Drug Eluting Stents (DES) have been reported to cause ISR, 

balloon angioplasty itself has been reported to cause intravascular restenosis [37]. In the 

clinical setting, ISR is examined in a much broader perspective which involves: (1) 

symptoms of recurrent angina; (2) signs of ischemia (EKG changes); (3) hemodynamic 

assessment with fractional flow reserve (FFR) less than 0.80; (4) intravascular 

ultrasonography (minimum cross-sectional area should be less than 4 mm2 (6 mm2 for left 

main); (5)  ≥ 70% reduction in lumen diameter even in the absence of clinical symptoms 

[38].  

1.1.3.2 Drug-coated balloons  

As balloon catheters are commonly used in angioplasty, use of drug-coated balloons (DCB) 

may render higher drug delivery per square millimeter of the tissue when compared to the 

DES. An advantage of using DCBs is that, once the balloon is withdrawn from the body 

there wouldn’t be any polymer present to stimulate inflammation and this reduces the need 

to co-administer of antiplatelet therapy [39]. Paclitaxel-coated balloon (PCB) have been 

tested and showed reduced risk of restenosis. In one study that compared DCB with DES, 
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the Taxus DES, showed a higher rate of angiographic restenosis (32.1% vs. 10.3%) and 

diameter reduction (43.6% vs. 24.3%) than PCB [103]. However, several disadvantages of 

using DCBs have been identified which prevented them from routine use such as: 1) Vessel 

wall recoil, 2) Lower efficiencies of drug delivery, 3) Higher costs, 4) Drug could only be 

delivered once per procedure, 5) The need for more frequent and multiple procedures for 

drug delivery [40]. Although efforts were made to improve the efficacy of drug delivery, 

such as developing porous balloons which were reported to cause vascular barotrauma. The 

obstruction of the pores that not only affected the drug release but also it delivered unclear 

amounts of drug [40].  

1.1.3.3 Radioactive material 

Use of radioactive material to ablate localized intracoronary regions has been initially 

considered as a viable option to decrease the risk of angioplasty induced restenosis [41]. In 

a clinical trial, use of radioactive element Iridium-192 was found to significantly reduce 

the rate of restenosis. However, intracoronary radiation was soon identified to cause serious 

complications such as late thrombosis and myocardial infarction [42]. Although gamma 

radiation penetrate vascular tissues much greater than beta radiation, the concerns of 

radioprotection are more with gamma emitters [43]. Balloon catheters coated with 

radioactive materials (hot balloons), have been developed and tested. However, due to 

similar limitations that were discussed above, their further testing in clinical trials was not 

favored. 

1.1.3.4 Therapeutic drugs used in the treatment of coronary artery restenosis  
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Recent studies showed no notable relationship between the duration of DAPT (dual 

antiplatelet therapy) which is stent specific, and formation of intimal hyperplasia. However 

shorter DAPT treatments (6 month treatment) were found to be beneficial with PES 

(paclitaxel-eluting stent) that has the potential for developing late stent thrombosis [44]. 

Colchicine was shown to prevent the formation of neointimal hyperplasia restenosis 

through its anti-inflammatory and antiproliferative actions. In a six-month clinical study 

by Spyridon D, Colchicine treatment not only reduced vascular restenosis but it also 

lowered the risk of in-stent restenosis in diabetic patients who had BMS implants [45]. The 

vasodilator Cilostazol not only prevents platelet aggregation but also was found to be a 

potent anti-plastic agent that can prevent VSMC proliferation, and thus reduces the 

formation of neointimal hyperplasia. Aspirin and thienopyridine which are commonly used 

as dual antiplatelet therapy are the drugs of choice in the current standard of care, used to 

prevent late-stent thrombosis. Meta-analysis in using triple therapy comprising cilostazol, 

thienopyridine, and aspirin, was found to significantly lower the rate of restenosis 

compared to dual antiplatelet therapy using asprin and clopidogrel [46] [45]. Use of 

nanoparticles to prevent restenosis appears to be promising for their ability to develop 

targeted drug delivery and to reduce systemic drug effects. Two notable types of 

nanoparticles, the PH-responsive acetylated β-cyclodextrin and oxidation-labile β-

cyclodextrin have been recently evaluated. Although the above initial reports appear to be 

promising, nanoparticle based drug delivery system is still in infancy and holding strong 

enthusiasm in developing innovative treatment approaches [47] [48].  

1.2 Epigenetics  
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Although the inherited genes in an individual are responsible for the phenotype, it is the 

epigenetic mechanisms that control gene expression of the inherited genes. The role of 

epigenetics in regulating gene expression was speculated over sixty years ago by Dr. 

Conrad Waddington, who first reported unexplainable gene expression patterns occurring 

during the developmental stages stating "How genotypes give rise to phenotypes during 

development". The heritable changes in gene function, which was reported initially by Dr. 

Arthur Riggs, could not explain the modifications in the genomic DNA and perhaps, this 

was the first clear indications on epigenetic control over gene regulation. Based on this 

work, Dr. Adrian Bird defined epigenetics as "the structural adaptation of chromosomal 

regions so as to register, signal or perpetuate altered activity states" [48]. The current 

definitions of Epigenetics describe this unique field in a much broader perspective and 

explains the mechanisms that alter gene expression and modification patterns in different 

cell types. DNA methylation, histone modification and gene regulation by non-coding 

RNAs are, at present, the three most common mechanisms that have been identified to 

epigenetically alter gene expression. These mechanisms are vital to normal growth and 

development however, their un-anticipated de-novo expression in different cells and tissue 

types has been reported in many pathological conditions.  

1.2.1 DNMTs and DNA methylation  

Among the four nucleotides in DNA, specific methylation of the cytosine residue only 

when it is paired with the guanidine residue in the CG dinucleotide sequences (CpG) was 

uniquely associated with epigenetic gene silencing [49]. The cytosine residues are 

methylated at the C5 region (5mC, methylcytosine), and this DNA methylation pattern is 

widely seen as a key mechanism to regulate gene expression, in eukaryotic genomes. 
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Methylation of the genomic DNA at these unique CpG residues is mediated by a specific 

group of enzymes called DNA methyltransferases (DNMTs). In humans, several isoforms 

of these enzymes were identified which include DNMT1, DNMT2, DNMT3A, DNMT3B, 

and DNMT3L. Among these isoforms, DNMT1, which is often referred to as maintenance 

methylase, is the most potent and functionally active in methylating the CpG residues in 

the genomic DNA. The tissue specific and developmental stage specific functions DNMT1 

are essential for normal growth and development. In several pathological conditions, 

abnormal or increased activity of DNMT1 was reported. This unanticipated activity of 

DNMT1 was identified as the causative factor in disease onset and progression. The two 

other major isoforms of DNA methyltransferases, DNMT3A and DNMT3B have discrete 

tissue and developmental specific functions [50]. The activity of these two isoforms was 

speculated to be inter-regulatory or inter-dependent on another DNA methylases such as 

DNMT1 [51].  

1.2.2 Pathological role of DNMT1 in restenosis 

DNMTs are key enzymes required for normal development of the embryo.  Genetic knock-

out of DNMT1 was identified to be embryonic lethal at day 8.5 post coitum. In somatic 

cells, apoptosis was reported when the expression of DNMT1 falls below 20% of its normal 

activity. The C-terminal domain of DNMT1 harbors DNA methyltransferase domain while 

the N-terminal region contains DMAP1 and PCNA interacting domains. These two N-

terminal domains have been reported to induce the expression of E-cadherin and Snail 

Homolog 1 (SNAIL1) by demethylating the promotor regions [52].   

Inhibition of DNMT1 expression would lead to genome wide demethylation of the 5-

methylcytosine residues. Previously we reported that the expression of DNMT1 was 
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drastically increased by the presence of both IGF-1 and TNF-α, which leads to increased 

proliferation and migration of VSMCs. The underlying mechanism was identified as 

DNMT1 mediated inhibition of the tumor suppressor protein SOCS3 (suppressor of 

cytokine signaling 3), which prevents proliferation [2]. Treatment with the non-specific 

DNA methylating agent 5-Aza-2′-deoxycytidine (Aza-CdR), which also inhibits DNMT1, 

was reported to prevent phenotype switch, cell cycle progression and cell migration in the 

PDGF-treated rat airway smooth muscle cells [53].  

1.2.3 Histone modifications 

A specific group of proteins called Histones which are DNA binding proteins, are known 

to regulate gene expression by coiling or uncoiling the DNA. Coiling and uncoiling of the 

genomic DNA are dependent on the type of temporary modifications that occur on different 

histone proteins. Different modifications on the specific amino acid residues on the histone 

proteins have been reported to either induce or inhibit the transcription of the corresponding 

genomic DNA to which they bind. Several different types of post-translational 

modifications on these histone proteins have been described in the literature. Different 

types of histone modifications were reported to occur such as methylation, 

phosphorylation, acetylation, ubiquitination, and sumoylation. These modifications were 

reported to occur on select amino acid residues such lysine, arginine, serine, threonine, and 

tyrosine. Modifications occurring on the amino acid residues present in the tail regions of 

the histones is the most significant feature associated with gene regulation by histones. 

Varied histone modifications that are uniquely present or absent in disease conditions is 

currently being explored as the hot topic to identify disease specific gene regulations. A 

group of enzymes called histone acetyltransferases, which include GNAT1, MYST, 
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TAFII250, P300/CBP, and ACTR, modify the histone proteins by adding an acetyl group 

on lysine residues. On the contrary, the enzymes histone deacetylases (HDACs) which are 

classified as Class I, Class II or Class III types act on the histones to remove the acetyl 

groups from the lysine residues. Similarly, the enzymes histone methyltransferases which 

add methyl groups on the lysine and arginine residues on histones have also been reported 

for their role in gene regulation. This group of enzymes includes G9a, SUV39-h1, SUV39-

h2, SETDB1. S-adenosyl-L-methionine is essentially the primary methyl group donor 

which is essential in methylating of DNA or amino acid residues [54]. Cellular proteins 

which contain Jumonji C domains primarily act to remove the methyl group from the 

methylated residues on histones [55].   

1.2.4 HDAC2 

The enzyme Histone deacetylase 2 (HDAC2), is a class I histone deacetylase which 

participates in gene silencing. It removes the acetyl group from the acetylated lysine 

residues present on the N-terminus region of H2A, H2B, H3, and H4 histones. HDAC2 

induces cell cycle progression by suppressing the expression of the tumor suppressor gene 

p53. It also induces the expression of cellular protein, myelocytomatosis viral oncogene 

homolog (MYC). The expression of β-catenin, lymphoid enhancer factor 4, and activator 

protein 2 are also regulated by HDAC2. Moreover, HDAC2 protein itself is susceptible for 

post-translational modifications such as phosphorylation of serine residues, ubiquitination 

of lysine residues, nitration of tyrosine residues, nitrosylation of cysteine residues, and 

degradation by E1 enzyme, E2 ubiquitin conjugate UBE2L6, and E3 ubiquitin ligase Ring 

finger protein, LIM domain interacting (RLIM). By inducing the expression of UBE2L6, 

all-trans retinoic acid (ATRA) inhibits the expression of HDAC2 [56]. 
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Specific role of HDAC2 was reported in different pathological conditions including cancer 

[56]. Role of HDAC2 in neointimal hyperplasia and restenosis can also be speculated based 

on the observations that inhibition of the interactions between HDAC2 and the zinc finger 

transcription factor KLF4 (Krüppel-like factor 4), induces differentiation of VSMCs[57]. 

HDAC2, KLF5 and RARα (Retinoic acid receptor alpha) together interact with the 

promoter binding sites of the tumor suppressor protein p21, which inhibit proliferation of 

VSMCs. HDAC2 expression was also reported to have dual functions in regulating p21. 

Besides the above p21 induction by HDAC2, treatment with RARα agonist was found to 

phosphorylate HDAC2 and prevent its binding with KLF5 at the p21 promoter [58]. 

Treatment with the RARα agonist was reported to result in reduced deacetylation of KLF5 

promoter [58]. 

1.2.5 HDAC10  

HDAC10 is a to Class II histone deacetylase that was well characterized for its role in 

tumor angiogenesis and metastasis. HDAC10 induced pro-angiogenic mechanisms were 

found to enhance tumor growth by inhibiting PTPN22 expression. As a consequence, 

increased ERK1/2 phosphorylation was reported [59]. Also in neuroblastoma cells, 

HDAC10 was identified to promote cell survival by inducing autophagy [60]. Although 

the role of HDAC10 in promoting cell proliferation in certain cancer types is clear, its 

functions in promoting neointimal hyperplasia or more precisely, its induced effects in 

VSMCs were not reported. 

The epigenetic and molecular mechanisms of HDAC10 were partly explored till date. 

Molecular interactions between HDAC10 and HDAC2 have been reported a while ago, 

however the interaction sites or the downstream effector molecules that drive the 
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HDAC10/HDAC2 mediated signaling were not studied yet [61]. Previous studies have 

identified the molecular interactions between HDAC2 and DNMT1. Besides, more in-

depth spectroscopic and molecular imaging studies are needed to identify the speculated 

interactions between HDAC10, HDAC2 and DNMT1 [62] . Although the above reports 

indicate possible molecular interactions between HDAC10, HDAC2 and DNMT1, whether 

these interactions are associated with enhanced DNMT1 mediated epigenetic signaling has 

not been elucidated.  

1.2.6 non-coding RNA 

The fact that non-coding RNAs can directly target and inhibit the gene expression, and at 

the same time can indirectly cause upregulated expression of the genes, suggests their role 

as epigenetic mediators in both normal and disease conditions. Based on the transcript size, 

the non-coding RNAs can be divided as small non-coding RNAs which are less than 200 

bp (eg. miRNAs, piRNAs, tiRNAs, TSSa-RNAs, PROMPTs and snacRNAs) or large non-

coding RNAs which are more than 200 bp (eg. LNC-RNAs, lincRNAs, and T-UCRs) [63]. 

An exception to the above are small nucleolar RNAs (snoRNAs) which are usually 300 bp 

in length. Among these RNA species, miRNAs and LNC-RNAs have been extensively 

explored and their unique role in epigenetic gene regulations through histone modifications 

and DNA methylation have been established [64]. 

1.3 Hypothesis and Specific Aims 

1.3.1 Central Hypothesis  

The central hypothesis is “HDAC10 promotes recruitment of HDAC2 to interact with 

DNMT1 to cause genome-wide DNA methylation during vascular injury after PCI”. 
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1.3.2 Specific Aim 1  

To identify the mechanisms associated with epigenetic induction of Galectin-3 during 

neointimal hyperplasia in the coronary arteries.  

1.3.3 Specific Aim 2  

To examine the molecular functions of HDAC2 in regulating proliferation and migration 

in VSMCs, and its involvement in the induction of DNMT1 expression during neointimal 

hyperplasia. 

1.3.4 Specific Aim 3  

To determine the signaling mechanisms of HDAC10 in regulating VSMCs proliferation 

and migration through HDAC2-DNMT1-PCNA axis during neointimal hyperplasia. 
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Chapter 2: Materials and Methods 

This chapter will detail materials and methods related to animal studies and also some of 

the common methods and materials used in all chapters. Certain materials used or methods 

followed that are unique to specific studies are described separately in the corresponding 

chapters.  

 

2.1 Animal studies  

 

2.1.1 Animals and study design 

About four month old Yucatan microswine (purchased from Sinclair Biosources) were 

included in this study. Animals were housed in the animal resource facility under controlled 

conditions maintained at about 25oC with 12:12 hour dark:light cycle, and were socialized 

daily. CBC, metabolic profile and lipid profile was conducted every month from the venous 

blood drawn from the ear. Animals were divided into three groups with at least seven 

animals in each group. All animals were fed with high cholesterol and high fat diet for 

three to five months before performing PCI in the LCX. Normal saline or viral vectors 

were injected at the site of intervention using a bull frog catheter. The control group animals 

were injected with about 1.0 ml of normal saline at the site of intervention. The control 

vector group were injected with about 1012 to 1013 AAV-Control viral particles at the site 

of intervention. The SOCS3 gene therapy group were injected with about 1012 to 1013 

AAV-SOCS3 viral particles at the site of intervention. Between four to six months after 

PCI and viral vector delivery, OCT and angiography were performed before euthanizing 
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the animals. All animal studies including emergency medical treatment and euthanasia 

were performed as per the animal protocol approved by the Institutional Animal Care and 

Use Committee of Creighton University. 

 

2.1.2 Development of AAV vectors 

Recombinant AAV plasmids were developed as shown in Figure 1. The coding sequence 

for the SOCS3 gene (Suppressor of Cytokine Signaling 3) along with the SM22 promoter 

sequence was cloned in the multiple cloning site of the gene expression pAAV-IRES-

hrGFP purchased from Agilent technologies. After confirming the cloning through 

restriction digestion, the recombinant plasmid was used to develop AAV2/9 virus particles 

at the Gene Therapy Resource Program of the NIH-NHLBI at University of Pennsylvania. 

At the same time, control viral vectors using the plasmid vector alone were developed and 

used in the present study. 

 

2.1.3 Administration of high cholesterol diet 

All animals were fed with high cholesterol and high fat diet for four to five months with 

unrestricted water supply except on the day before surgery. About 1 lb of feed was provided 

twice daily to each animal in all groups. The major ingredients in the high cholesterol and 

high fat diet are 37.2% corn (8.5% protein), 23.5% soybean meal (44% protein), 20% 

chocolate mix, 5% alfalfa, 4% cholesterol, 4% peanut oil, 1.5% sodium cholate, and 1% 

lard. After 6 months on diet, PCI was performed in left anterior descending artery (LAD).  

The diet was purchased from Harlan, USA. 
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2.1.4 Operative procedure, balloon angioplasty, OCT and angiography 

From three days before the surgery, animals were given Aspirin (325 mg/day) and 

clopidogrel (75 mg/day). The day before performing PCI, animals were kept fasting 

without food and water. After weighing the animals, they were anesthetized with 0.1 ml/kg 

telazol/xylazine injected intramuscularly. An i.v. line was introduced in the ear vein for 

intravascular fluid delivery. Cefazolin (3–5 mg/kg i.m.) was given to prevent infection. 

Animals were then intubated and general anesthesia was induced with continuous 

inhalation of 4% Isoflurane. Temperature, heart rate, oxygen saturation, and capillary refill 

time was recorded regularly during the surgical procedure.  

An arterial line was setup by accessing the femoral artery under ultrasound guidance and a 

7F catheter was introduced. The anti-coagulant Heparin (100 U/kg) was administered 

through i.v. A 6F guide catheter was used angiographic imaging in the coronary arteries. 

PCI was performed in the left circumflex (LCX) arteries and either normal saline or viral 

vectors were delivered using the bull frog catheter. After completing the intervention, the 

femoral artery and the skin wound were closed and the animal was transferred to the post-

op room. Buprenorphine (0.1–0.3 mg/kg i.m.) was given for pain relief. Vitals were 

monitored regularly until the animal is fully awake and walking. After transferring the 

animals to the ARF, diet and water was restored along with aspirin/clopidogrel treatment 

until they were euthanized. A follow up surgery performed after four to five months of PCI 

and viral vector delivery and, OCT and angiograms were evaluated to measure the intimal 

hyperplasia. After the follow up surgery, animals were euthanized by administering high 

doses of barbiturates (Beuthanasia-D 1.0 ml/10 lb i.v.). 
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2.1.5 Tissue harvest and processing  

Coronary vessels will be dissected from the heart and fixed in 4 % formalin for 24 h at 

room temperature. The formalin-fixed tissues were placed in Histosette II tissue cassettes 

and processed for paraffin embedding using a TissueTek processor that was programmed 

as: 1) Incubate for 30 mins in 70 % ethanol at RT, 2) Wash twice in 95 % ethanol at 40 oC, 

3) Wash three times in 100 % ethanol at 40 oC, 4) Wash twice in Xylene for 1 h at 40 oC 

and finally 5) Wash thrice in paraffin for 30 mins each at 60 oC. The processed tissues are 

kept incubate in the liquid paraffin for embedding. 

 

2.2 Histological studies   

 

2.2.1 Paraffin embedding and Microtomy 

The processed tissues were transferred to the steel molds for paraffin embedding and were 

allowed to solidify on ice or cold plate. The FFPE blocks were then stationed on the 

microtome (Leica 3500, Germany) and about 5 µm thick tissue sections were obtained. 

Ribbons of cut sections obtained from the microtome were transferred to warm water that 

was maintained at 40 oC. After separating the individual sections, they were transferred 

onto superfrost plus microscope slides and kept for air drying. The sections were then fixed 

by baking on a hot plate for one hour at 60 oC before processing them for immunostaining. 

  

 



   

 

24 

 

2.2.2 Immunofluorescence   

The tissue sections were first deparaffinized by washing in Xylene for 10 mins, followed 

by four washes, each in 100 % ethanol, 95 % ethanol, 80 % ethanol and 70 % ethanol for 

3 mins. After rinsing the tissue sections in distilled water, the slides were subjected to heat-

induced antigen retrieval in Citrate buffer for 20 min at 95 oC. After washing the slides for 

three times in TBST buffer for 3 mins each, the tissue sections were circled with a PAP 

pen and blocked with 0.5 % Goat serum prepared in TBST buffer containing 0.25 % Triton-

x 100, for 2 h at RT. After blocking, the slides were incubated overnight at 4 oC in dark 

with primary antibody diluted at 1:200 ratio in TBST buffer. Next day, the slides were 

washed three times in TBST buffer for 3 mins each and then incubated for one hour at RT 

with Alexa Fluor 594 conjugated secondary antibody that was diluted at 1:200 ratio in 

TBST buffer. Finally, after washing the slides for three times in TBST for 3 mins each, the 

sections were mounted with DAPI. Images of the expressed genes were acquired using 

Olympus fluorescence microscope with Texas Red filter. 

 

2.2.3 Immunohistochemistry 

After antigen retrieval, the sections were circled with PAP pen and treated with Boxall for 

10 mins to deactivate endogenous peroxidases. Subsequently, the sections were washed 

three times in TBST for 3 mins each and blocked for 10 mins at RT using UltraVision 

protein block. The blocked sections were incubated with primary antibody overnight at 4 

oC. Next day, the sections were washed 3 times in TBST for 3 mins each and the HRP 

polymer was applied and incubated for 30 mins at RT. After washing for 3 times in TBST 
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for 3 mins each, the sections were treated with the developer solution (with DAB from 

vector kit) until the color staining becomes prominent. The sections were then washed for 

2 mins each in 70 % ethanol, 80 % ethanol, 90 % ethanol, 100 % ethanol, 1:1 ratio of 

xylene:ethanol and 100 % xylene. Finally, the sections were air dried and mounted with a 

coverslip using cytoseal. 

 

2.3 Cell culture  

 

2.3.1 Isolation of VSMCs  

Coronary arteries were harvested immediately after the swines were sacrificed. After 

removing the adventitia, the endothelial cell layer was scrapped off. The thick media layer 

was finely chopped into pieces and then digested with Gibco™ Trypsin-EDTA (0.25 %) 

for 30 mins. Subsequently, the typsin digested sample was centrifuged at 1500 rpm at 4 oC 

for 10 mins. The pellet was suspended in 0.25 % Type I Collagenase solution and incubated 

at 37 oC for 3 h. The digested tissue was filtered through 40 micron mesh and the filtrate 

was centrifuged at 1500 rpm for 10 min. Finally, the pellet was suspended in 5 ml of SMC 

complete medium and plated in T25 flask (SMC complete media = SMC + 10 % fetal 

bovine serum + Antibiotic Antimycotic Solution (100 µg/mL Streptomycin, 100 U/mL 

Penicillin and 2.5 µg/ml amphotericin B) + smooth muscle cell growth supplement). The 

flasks were incubated at 37 oC with 5 % CO2, and the culture medium was changed every 

alternate day. When cell growth was seen in clumps, they were trypsinized and transferred 
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to new flask and further work up was initiated. For experiments conducted in this work, 

cell passages between P3 and P7 were used.  

 

2.3.2 VSMC culture 

The cultured VSMCs when reached to about 70 % confluence, were subcultured in 1:3 

ratio following trypsin digestion as discussed earlier. For VSMCs characterization, VSMCs 

were seeded at 5000 per well in 4-wells chamber slides and fixed in ice-cold methanol (−20 

°C) for 20 mins. The fixed cells were stained for the expression of alpha-smooth muscle 

actin. After mounting the chamber slides with DAPI, the immunofluorescence observed 

was captured using Olympus microscope as described earlier. Cell culture was also carried 

out in 6-well plate and 96-well plate similarly by seeding 250K cell and 2.5K cells 

respectively. 

 

2.3.3 siRNA transfection  

Once VSMCs reached to about 70 % confluence, they were transfected with siRNA using 

Lipofectamine RNAiMAX. Synthetic siRNA specific for each gene were purchased from 

Invitrogen, CA. Briefly, in a two ml Eppendorf tube, about 300 pmol of siRNA was diluted 

in 500 µl of Opti-MEM medium. In another tube, 30 µl of Lipofectamine RNAiMAX was 

diluted with 500 µl of Opti-MEM medium. Both the tubes were incubated for about five 

minutes at room temperature in the biosafety cabinet. To prepare transfection mix, the 

siRNA-Opti-MEM mix was then transferred to RNAiMax-Opti-MEM tube, mixed 

together and incubated for an additional 15 minutes at room temperature. The mixture was 
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added to the T25 flask containing SMCM in the cultured VSMCs. After 12 h, the 

transfection mix was replaced fresh SMCM and the cells were cultured for an additional 

36 h to check for gene expression.  

 

2.3.4 Plasmid DNA transfection  

When VSMCs reached to about 70 % confluence, they were transfected with the plasmid 

expression vectors using Lipofectamine LTX. Briefly, in a two ml Eppendorf tube, about 

10 µg of plasmid DNA was diluted in 250 µl of Opti-MEM medium and about 10 µl of 

Plus reagent. In another tube, 250 µl of Lipofectamine LTX was diluted in 250 µl of Opti-

MEM medium. Both the tubes were incubated for about five minutes at room temperature 

in the biosafety cabinet and then mixed together to prepare transfection mix. Subsequently, 

the transfection mix was incubated for an additional 30 mins at RT in the biosafety cabinet 

and then added to SMCM in T25 flask containing VSMCs. After 24 h, the transfection mix 

was replaced fresh SMCM and the cells were cultured for an additional 24 h.  

 

2.3.5 Cell culture treatments  

Both transfected and un-transfected VSMCs were treated with 100 ng/ml concentrations 

of TNF- or IGF-1 or both together for 24 h. The medium supernatant was collected and 

frozen at -80 ˚C for zymography studies. The cells were briefly washed with warm PBS 

and lysed by adding RIPA buffer containing protease and phosphatase inhibitors. The 

protein lysate was collected by using a scrapper and then centrifuged at 13K for 30 mins at 
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4 oC. Finally, the protein content in the lysates was estimated using BCA reagent with serial 

dilutions of BSA as standard.  

 

2.3.6 BrdU cell proliferation assay 

The BrdU incorporation assay was performed to assess VSMC cell proliferation using 

BrdU ELISA kit (Roche Applied Science). VSMCs (about 2500/well) were cultured in 96-

well plates and were treated with TNF- or IGF-1 or both together at 100 ng/ml each. After 

16 h of treatment the cells were treated with 10 mM BrdU solution and incubated for 

additional 16 h at 37 oC. The supernatant was discarded and the cells were air dried for 

fixation. The cellular DNA was denatured by adding FixDenat solution and incubating it 

for 30 min at room temperature. Mouse anti-BrdU monoclonal antibody conjugated with 

peroxidase was added to each well of the 96-well plate and incubated at room temperature 

for 2 h. Subsequently, Tetramethylbenzidine was added and the cells were incubated 

briefly for 5 min at room temperature. Finally, the absorbance in the sample supernatants 

was measured using a microplate reader (PerkinElmer) that was set at 370 nm absorbance. 

 

2.3.7 MTT assay  

VSMCs were cultured in 96-well plates as detailed above and treated with 100 ng/ml 

concentrations of TNF- or IGF-1 or both together for 24 h at 37 °C. The cells were 

transfected with SOCS3 plasmid vector (0.1 μg per well) using Lipofectamine® LTX and 

Plus reagent as detailed above. MTT reagent (0.5 mg/ml) was added to the culture medium 

and incubated at 37 oC, 4 h. Subsequently, the supernatant was aspirated and 100 μl 
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acidified isopropanol was added. The cell viability was assessed within one hour of 

isopropanol addition, by measuring the absorbance at 570 nm using a plate reader. 

 

2.3.8 Scratch wound assay to analyze cell migration  

VSMCs was seeded at 4x104 per well in each well of a 6 well plate. Once the cells reached 

about 60 % confluence, using a 1 ml pipette tip, the cells were gently streaked off and 

transfected with plasmid DNA followed by treatment with TNF-α or IGF-1 or both together 

at 100 ng/ml each. Cells were imaged under Nikon microscope at 4x magnification at three 

different time points 0 h, 48 h, and 72 h respectively. By measuring the distance of scrapped 

off zones, the extent of cell migration was assessed. The zones of clearance were measured 

at random points in each treatment and the Standard Error of the Mean (SEM) distance in 

each treatment was statistically analyzed. 

 

2.4 Molecular Biology Methods     

 

2.4.1RNA Isolation and Quantitative Real-time PCR 

2.4.1.1 RNA Isolation 

About 1.0 mL TRIzol Reagent was added to each T25 culture flask, and incubated on ice 

for 15 mins. The lysed sample was scrapped and collected into an Eppendorf tube. The 

samples were incubated for additional 15 mins at RT. After incubating, about 0.2 mL of 

chloroform was added and mixed by inverting several times till the solution appears milky. 
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The samples were then incubated for 5 mins at RT, and then centrifuged at 12,000 × g / 15 

mins / 4 °C. The clear aqueous phase on the top was carefully collected and equal volume 

of 100 % isopropanol was added. The tubes were gently mixed by inverting and then 

incubated for 15 mins at RT. Finally, the samples were centrifuged at 12,000 × g / 10 mins 

/ 4 °C and the pellet was washed with 1.5 ml of 80 % ethanol. After centrifuging the tube 

at 12,000 × g / 5 mins / 4 °C, the supernatant was discarded and the pellet was air dried for 

10 mins. The dried pellet was dissolved in 25 µl of RNase-free water and incubated at 60 

°C for 15 mins. The quantity of RNA obtained was measured using Nanodrop, and the 

samples were stored at –70 °C.  

 

2.4.1.2 cDNA Synthesis 

About 1.1 µg of total RNA was diluted to a final volume of 8 µl and 2 µl of Oligo dT 

primer (0.5 µg/µl) was added to it. The mix was then incubated at 70 oC for 5 mins and 

rapidly cool on ice for 5 mins. The reaction mix was prepared as detailed in the below 

table. About 30 µl of the reaction mix was added to the denatured sample and cDNA 

synthesis was carried out in a thermocycler. The incubating temperatures were: 25 oC for 

5 mins > 42 oC for 60 mins > 72 oC for 15 mins > 4 oC hold. 

Improm II reaction buffer (5X) 8.0 µl 

MgCl2 (25 mM) 9.6 µl 

dNTP mix (10 mM) 2.0 µl 

RNAse inhibitor 1.0 µl 

Reverse transcriptase 2.0 µl 
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water 7.4 µl 

Total volume 30.0 µl 

 

Table 2. Contents of the reaction mix for cDNA synthesis. 

 

2.4.1.3 Quantitative Real-Time PCR  

About 8 µl of the above cDNA was added to each well of a 96-well un-skirted plate and 

mixed with 2 µl of gene specific Forward primer and 2 µl of gene specific Reverse primer. 

Subsequently, about 10 µl of 2x IQ SYBR Green RT-PCR Supermix (Bio-Rad) was added 

to each well. Forward and Reverse primers for 18s RNA were also run in parallel in the 

same 96-well plate as reference control. The cycling conditions set were: Initial 

denaturation at 94 oC for 5 mins followed by 35 cycles of amplification (94 oC for 30 sec 

> 58 oC for 30 sec > 72 oC for 60 sec). All samples were run in triplicates in the Bio-Rad 

CFX96 Real-Time PCR machine. The built-in software analyzed the relative gene 

expression in terms of fold change by comparing the reference control using ddCt method.  

 

2.4.2 Western blot 

About 30 µg of total protein in the lysates from each sample was used for SDS-PAGE 

electrophoresis. The determined volume of lysate was incubated with 4x laemelli buffer 

and heated at 95 oC for 5 mins for complete denaturation. Samples when then were loaded 

in each well of a 10 % SDS-PAGE gel. Electrophoresis was continued at a constant voltage 
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of 140 volts for about 90 mins or until the blue dye front runs off the gel. Proteins separated 

in the gel were transferred onto the 0.45 µm PVDF membrane through western blotting. 

The transfer unit was maintained at a constant voltage of 50 volts and the blotting was 

carried out overnight at 4 oC. The next day, the membrane was blocked for one hour in 

TBST buffer with 5 % BSA, and then probed with primary antibody diluted at 1 µg/ml in 

TBST buffer. Incubation with the primary antibody was continued overnight at 4 oC on a 

rocker. Subsequently, the PVDF membrane was rinsed three times for five minutes each 

with TBST buffer at room temperature. After discarding the washing buffer, the membrane 

was incubated with HRP conjugated secondary antibody diluted at 0.5 µg/ml in TBST, on 

a rocker at room temperature for one hour. The membrane was then washed for three times 

for five minutes each in TBST and then developed with 2 ml of ECL reagent mix. Proteins 

corresponding to the primary antibodies were detected using “Bio-Rad Chemidoc” image 

capture and analyzer. 

 

2.5 Data Processing and Statistical Analysis 

Data obtained was analyzed using GraphPad Prism version 7.0 (GraphPad Software, La 

Jolla, CA). Unpaired Student's t-test was used to determine differences between groups. 

Multiple group comparisons were made using one-way ANOVA with Tukey’s post-hoc 

tests. Values are expressed as means ± SEM. A value of p < 0.05 was considered 

statistically significant. All graphs generated represent mean value with SEM as error bars. 
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Chapter 3 

Epigenetic induction of Galectin-3 during neointimal hyperplasia  

3.1 Introduction 

Angioplasty is the gold standard, commonly followed to depress the growing 

atherosclerotic plaques in the arteries. This common practice confers significant injury to 

the arteries during the procedure and as a consequence, increased VSMC proliferation and 

hyperplasia occurs. This neointimal hyperplasia essentially causes post-angioplasty 

restenosis in the arteries which compromise the patency of the lumen. Use of cytostatic 

drugs and ACE inhibitors is commonly prescribed which also adds another layer of 

systemic drug effects in patients. With the constant need to develop improved treatment 

strategies, new targets which are more specific to the disease are always in the look out. In 

the present work, unique molecular targets that appears to be more specifically induced 

during restenosis after angioplasty have been identified and the molecular mechanisms 

which upregulate the expression of these disease specific genes was studied. 

Galectin-3, a lectin by composition, was reported to be associated with cell proliferation 

[1], cell type trans-differentiation [2] and also cell migration [3] in different cancer types 

[4][5][6][7]. Although galectin-3 was known to promote cell proliferation, efforts to 

decipher its role in cardiovascular diseases were initiated recently, and efforts to understand 

the role of galectin-3 in cardiovascular diseases seem to have actively initiated within the 

last two decades. 

One of the initial reports which investigated the role of galectin-3 in cardiovascular 

diseases was in the carotid endarterectomy samples from 13 patients. Interesting was that 
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galectin-3 expression was largely seen in foam cells and rarely in VSMCs [8]. However, it 

was not clear whether the observed low expression of galectin-3 in the VSMCs is either 

specific to symptomatic or asymptomatic plaques. Besides inducing migration of 

monocytes and macrophages, galectin-3 expression was shown to positively correlate with 

elevated intravascular inflammation which was primarily triggered by the macrophages 

which can potentially transform into foam cells [9]. The same study also suggests that 

galectin-3 can be a potential therapeutic target for the treatment of atherosclerosis. Role of 

galectin-3 as an epigenetic inducer in mediating Epithelial to Mesenchymal Transitioning 

through beta-1 integrins has also been reported [10]. However, no unique proteins which 

can promote epigenetic mechanisms were reported. Along with Receptor for Advanced 

Glycation End products (RAGE), galectin-3 was shown to promote osteogenesis in 

VSMCs, causing vascular calcification besides promoting inflammation [11]. In a 

comparative study, MMP2 mediated matrix remodeling during chronic heart failure was 

identified as a better marker than galectin-3 [12]. Interestingly, the galectin-3 binding 

protein was reported as one of the signature molecules associated with symptomatic 

plaques in a large patient population with 685 subjects [13]. Undoubtedly, in response to 

tissue damage due to Myocardial Infarction (MI), subsequent tissue remodeling occurs as 

a regenerative process. The role of galectin-3 and MMP2 during cardiac remodeling which 

although was speculated needs additional studies to identify their precise regulatory 

functions. Besides MI, several other complications can potentially cause heart failure 

which are independent of the pathophysiological mechanisms initiated by the abnormal 

cellular functions of VSMCs. Galectin-3 was reported as a potential inflammation 

associated circulating biomarker that can cause acute MI. Increased levels of galectin-3 
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was associated with elevated levels of acute phase reactants such as C-reactive protein, 

TNF-α and IL-6 [14]. Besides the above, in several other complications, galectin-3 

expression was found to hold a positive correlation with cardiovascular disease progression 

such as in left ventricular dilation after MI [15], Coronary artery disease [16], carotid 

plaque vulnerability [17], phenotype switch in vascular SMCs [18], Aortic valve stenosis 

[19][20], Atrial fibrillation [21], cardiac tissue fibrosis [22], and Stroke [23].  

In the present work, protein expression in the coronary arteries that underwent PCI, with 

or without SOCS3 gene therapy were evaluated. Immunofluorescence staining identified 

prominent expression of key epigenetic mediators, DNMT1, EZH2 and PRMT7. 

Histological expression of these epigenetic mediators in the coronary arteries were 

examined in all three study groups. Importantly, the results present a novel finding which 

indicates that galectin-3 promotes restenosis/neointimal hyperplasia after PCI. The present 

study is the first report to show a clear molecular pathway that is epigenetically regulated 

during restenosis/neointimal hyperplasia, which is mediated by epigenetic cross-talk 

between three of the important effector molecules which induces galectin-3 expression. 

 

3.2 Results 

 

3.2.1 Galection-3 expression in coronary arteries after PCI in control, control vector 

and SOCS3 gene therapy groups 
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Figure 1. Plasmid map of SOCS3 expression vector. The figure details SOCS3 gene 

cloning in pAAV expression vector. The SOCS3 gene (highlighted in green) was positioned 

downstream to the SM22a promoter which enables smooth muscle specific expression of 

the cloned SOCS3 gene. The Internal Ribosomal Entry Site (IRES) assists in the expression 

of Green Fluorescent Protein (GFP). This is a bicistronic construct since both SOCS3 and 

GFP are expressed under the same promoter. This recombinant plasmid was used for the 

production of AAV virus and also for in-vitro expression of SOCS3 in VSMCs that were 

transfected using Lipofectamine LTX. 

 

 

Figure 2. Galectin-3 expression in the LCX of microswine, after PCI. Figure shows 

immunofluorescent staining of galectin-3 in the LCX of control, control vector, and SOCS3 

vector groups after PCI. Sections were stained with rabbit anti- Galectin-3 primary 

antibodies and donkey anti-rabbit Alexa Fluor (red) secondary antibodies. Galectin-3 



   

 

37 

 

expression was seen in the neointimal regions of control and control vector group, but was 

absent in the SOCS3 gene therapy group. “A” indicates adventitia, “M” indicates medial 

smooth muscle cell layers, “NI” indicates neointimal region and “L” indicates the lumen 

of the artery. Images shown were acquired at 20x magnification and representative images 

were presented here. Arrows point towards the observed areas of gene expression. 

Representative images from all three swines in each group were shown. 

 

Previously galectin-3 expression was reported to be seen predominantly in the nucleus of 

fast dividing cells such as immune cells and cancer cells, however it’s cytoplasmic 

expression in these cells could not be detected [65]. In the present work, the expression of 

galectin-3 in the coronary arteries of Yucatan microswine that underwent PCI, was 

examined in the all three groups. As seen in the Figure 2, increased expression of galectin-

3 was observed only in the neointimal hyperplasia where newly divided smooth muscle 

cells are present. Galectin-3 expression was seen in both sham control and control vector 

group. Little or no expression of galectin-3 was seen in the SOCS3 gene therapy group. 

The observed expression of galectin-3 in both the control groups appears to mostly 

cytoplasmic. As per the current literature, this is the first report to show expression of 

galectin-3 in the neointimal hyperplasia resulting from vascular injury due to PCI. 

 

3.2.2 Expression of a key epigenetic regulator EZH2, in the LCX after PCI 
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Figure 3. EZH2 expression in the LCX of Yucatan microswine after PCI. EZH2 

expression seen in the LCX of control, control vector, and SOCS3 vector groups after PCI 

was examined through immunohistochemical staining. Sections were stained with rabbit 

anti- Galectin-3 primary antibody and donkey anti-rabbit HRP conjugated secondary 

antibody. EZH2 expression is seen as darkly stained regions in the regions with neointimal 

hyperplasia. While both the control groups showed the expression of EZH2, little or no 

expression of EZH2 was seen in the SOCS3 vector group. Cytoplasmic counterstaining was 

not performed in these sections as they were found to be masking the true expression of 

EZH2. “A” indicates adventitia, “M” indicates medial smooth muscle cell layers, “NI” 

indicates neointimal region and “L” indicates the lumen of the artery. Images shown were 

acquired at 20x magnification and representative images were presented here. Arrows 

point towards the observed areas of gene expression. Representative images from all three 

swines in each group were shown. 

 

A key epigenetic regulator Enhancer of Zeste Homolog 2 (EZH2), which is also a histone-

lysine N-methyltransferase enzyme, has been associated with initiation and progression of 

several pathological events in many diseases. To assess its role in inducing cell 

proliferation in VSMCs during restenosis/neointimal hyperplasia, we carried out 

immunohistochemical staining of the FFPE sections of LCX arteries from animals in all 

three groups. As seen in Figure 3, prominent expression of EZH2 was observed in the 

neointimal regions of control and control vector groups. In addition, expression of EZH2 

was observed more in the medial VSMCs of both the control groups than in the SOCS3 

gene therapy group.  

 

3.2.3 PRMT7 as a coherent inducer of epigenetic mechanisms during neointimal 

hyperplasia 
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Figure 4. Expression of PRMT7 in the LCX of microswine after PCI. PRMT7 

expression in the LCX of control, control vector, SOCS3 gene therapy groups after PCI. 

Sections were stained with rabbit anti- PRMT-7 primary antibody and donkey anti-rabbit 

HRP conjugated secondary antibody. PRMT-7 expression is seen as darkly stained regions 

both in the neointimal region and in the medial smooth muscle layers. While both the 

control groups showed the expression of PRMT-7 in the neointimal region and in the 

medial smooth muscle layers, the expression of PRMT-7 was seen only at the neointimal 

regions in the SOCS3 vector group. Cytoplasmic counterstaining was not performed in 

these sections as they were found to be masking the true expression of PRMT-7. “A” 

indicates adventitia, “M” indicates medial smooth muscle cell layers, “NI” indicates 

neointimal region and “L” indicates the lumen of the artery. Images shown were acquired 

at 20x magnification and representative images were presented here. Arrows point towards 

the observed areas of gene expression. Representative images from all three swines in each 

group were shown. 

 

One of the important enzymes that methylates the arginine residues on several proteins, 

including histones, are the Protein Arginine MethylTransferases (PRMT). The isoform 7 

in this group of enzymes (PRMT7) was identified to mediate epigenetic gene regulations, 

however very little is known about its inducers and its target proteins. Its role in histone 

methylation, RNA translocation and in DNA repair has been implicated, and recently it 

was shown to be associated with cell type transition and cellular metastasis in cancer [66]. 

In the present work, the expression of PRMT7 was evaluated to identify its role in 

regulating cellular functions in VSMCs during neointimal hyperplasia. As seen in Figure 

4, the expression of PRMT7 was observed in the newly dividing VSMCs at the restenotic 
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lesions and also in the medial smooth muscle layers. Notably, PRMT7 expression in the 

medial smooth muscle layers was absent in the SOCS3 gene therapy group alone.  

 

3.2.4 SOCS3 as a potential inhibitor of IGF-1 and TNF-α mediated epigenetic 

induction of VSMC cell proliferation  

 

Figure 5. Evaluation of VSMC cell proliferation using MTT assay. Swine primary 

VSMCs isolated from the coronary arteries were transfected with pAAV-SOCS3 plasmid 

DNA, and treated with 100ng/ml IGF-1 or TNF-α or both together. MTT assay was 

performed to measure the extent of cell proliferation. Data presented represents mean 

values with ± SEM in the error bars from one independent experiment with five replicates. 

Samples were analyzed five replicates and all experiments were repeated at least three 

times. “C” represents control group VSMCs that were cultured in SMCM medium; “I” 

represents cultured VSMCs treated with IGF-1; “T” represents cultured VSMCs treated 

with TNF-α; and “S” represents cultured VSMCs transfected with SOCS3 expression 

plasmid pAAV-SOCS3. 
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Figure 6. Expression of EZH2, PRMT-7, and Galectin-3 in cultured VSMCs derived 

from the coronary arteries. Figure shows the effects of SOCS3 transfection on the 

expression of EZH2, PRMT-7 and galectin-3, in-vitro. Top panel compares the expression 

of EZH2 in control and SOCS3 transfected cells that were treated with or without IGF-1 

or TNF-α or both together. The middle panel compares the expression of PRMT-7 in 

control and SOCS3 transfected cells that were treated with or without IGF-1 or TNF-α or 

both together. The bottom panel compares the expression of galectin-3 in control and 

SOCS3 transfected cells that were treated with or without IGF-1 or TNF-α or both 

together. In these studies, VSMCs were treated with 100ng/ml IGF-1 or 100ng/ml TNF-α 
or both together. Expression of GAPDH was evaluated in each panel separately as an 

internal reference. “C” represents control group VSMCs that were cultured in SMCM 

medium; “I” represents cultured VSMCs treated with IGF-1; and “T” represents cultured 

VSMCs treated with TNF-α. All experiments were repeated twice. 

 

During neointimal hyperplasia, increased expression of several growth factors and 

cytokines has been reported. Previous research from our laboratory identified that VSMCs 

when treated with TNF-α and IGF-1 together, both at 100 ng/ml concentrations each, 

induces profuse cell proliferation. In addition, the epigenetic mechanism involving induced 

expression of DNMT1 driven by the presence of both TNF-α and IGF-1 was reported [26]. 

Since DNMT1 inhibits SOCS3 expression through promoter methylation, whether 
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recombinant expression of SOCS3 would have any effects on inhibiting epigenetic 

mechanisms was never studied. To address this, in the present work the effect of SOCS3 

on inhibition of cell proliferation was assessed. VSMCs isolated from the coronary arteries 

of Yucatan microswines were cultured to 70 % sub confluent in SMCM medium. The 

cultured cells were then transfected with recombinant pAAV-SOCS3 expression plasmid 

using Lipofectamine LTX. Both control and transfected cells were treated with TNF-α and 

IGF-1 together. As seen in Figure 5, proliferation of VSMCs was significantly inhibited 

in both TNF-α and IGF-1 treated cells that were transfected with SOCS3 construct, when 

compared to untransfected and TNF-α and IGF-1 treated cells.  

To evaluate the epigenetic mechanisms regulated by SOCS3, lysates from the same passage 

of VSMCs treated with similar combinations as described in Figure 5, were subjected to 

western blot analysis with gene specific antibodies (Figure 6). In cells that were transfected 

with SOCS3 expression construct and treated with both TNF-α and IGF-1, the expression 

of EZH2 was found to be completely inhibited (Figure 6, top panel). Expression of PRMT7 

in both control and SOCS3 transfected cells treated with or without TNF-α and IGF-1 

presented mixed results with partly inconclusive analysis (Figure 6, middle panel). 

However, in VSMCs that were transfected with SOCS3 plasmid, galectin-3 expression was 

found to be significantly inhibited (Figure 6, bottom panel). Inhibition of galectin-3 in all 

the treatment groups that were transfected with SOCS3 construct, correlates with inhibition 

of VSMC cell proliferation in all the treatment groups that were transfected with SOCS3 

construct as seen in Figure 5. 

 

3.2.5 Inhibition of epigenetic regulators by SOCS3 during neointimal hyperplasia  



   

 

43 

 

 

Figure 7. Effects of SOCS3 expression on NF-κB and DNMT1 in VSMCs. Figure 

shows western blot analysis using antibodies specific for DNMT1, p-NF-κB   and total NF-

κB  in swine primary VSMCs. VSMCs were cultured to 70% confluence and transfected 

with SOCS3 expression vectors, and simultaneously treated with 100 ng/ml IGF-1 or 100 

ng/ml TNF-α or both together. Top panel compares the expression of DNMT1 in control 

and SOCS3 transfected cells that were treated with or without IGF-1 or TNF-α or both 

together. The middle panel compares the expression of activated NF-κB    (phospho-NF-

κB   ) in control and SOCS3 transfected cells that were treated with or without IGF-1 or 

TNF-α or both together. The bottom panel compares the expression of total NF-κB    in 

control and SOCS3 transfected cells that were treated with or without IGF-1 or TNF-α or 

both together. Expression of GAPDH was evaluated in each panel separately as an internal 

reference. “C” represents control group VSMCs that were cultured in SMCM medium; 

“I” represents cultured VSMCs treated with IGF-1; and “T” represents cultured VSMCs 

treated with TNF-α. All experiments were repeated twice. 
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Figure 8. Expression of phospho-NF-κB    in the LCX of microswine after PCI. Figure 

shows immunofluorescent staining of phospho-NF-κB  in the LCX of control, control vector, 

and SOCS3 vector groups, after PCI. Sections were stained with rabbit anti-phospho-NF-

κB    primary antibodies and donkey anti-rabbit Alexa Fluor (red) secondary antibodies.  

Increased expression of phospho-NF-κB    was seen in the neointimal regions of control 

and control vector group, and slight to moderate expression of phospho-NF-κB    was seen 

in the SOCS3 gene therapy group. “M” indicates medial smooth muscle cell layers, “NI” 

indicates neointimal region and “L” indicates the lumen of the artery. Images shown were 

acquired at 20x magnification and representative images were presented here. Arrows 

point towards the observed areas of gene expression. Representative images from all three 

swines in each group were shown. 

 

 

Figure 9. Expression of IGFBP2 in the LCX of microswine after PCI. Figure shows 

immunofluorescent staining of IGFBP2 in the LCX of control, control vector, and SOCS3 

vector groups after PCI. Sections were stained with rabbit anti-IGFBP2 primary 

antibodies and donkey anti-rabbit Alexa Fluor (red) secondary antibodies. IGFBP2 

expression was seen in the neointimal regions of control and control vector group, but was 

absent in the SOCS3 gene therapy group. “A” indicates adventitia, “M” indicates medial 

smooth muscle cell layers, “NI” indicates neointimal region and “L” indicates the lumen 

of the artery. Images shown were acquired at 20x magnification and representative images 

were presented here. Arrows point towards the observed areas of gene expression. 

Representative images from all three swines in each group were shown. 
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Figure 10. Possible epigenetic pathway associated with neointimal 

hyperplasia/restenosis occurring due to vascular injury resulting from PCI. The figure 

shows the effector intracellular signaling proteins that can epigenetically induce or inhibit 

the expression of galectin-3. This possible regulatory pathway was interpreted based on 

the predictions from protein network analysis using networkanalyst software at 

www.networkanalyst.ca. 

Pathological expression of DNMT1 has been reported many diseases where increased 

expression of DNMT1 was associated with increased cell proliferation [67] [68] [69]. We 

recently outlined cell type specific expression of different epigenetic mediators that 

contribute to atherosclerosis and neointimal hyperplasia/restenosis [70]. Previously 

publications from our groups deciphered a mechanistic role SOCS3 in inhibiting DNA 

methyltransferases (DNMTs), both in-vitro and in-vivo [71]. In the present work, whether 

the transcription factor NF-κB which initiates different pro-inflammatory pathways was 

evaluated. Importantly, whether activated NF-κB expression correlates with IGF-1 

mediated signaling that is associated with DNMT1 expression was evaluated. As seen in 

Figure 7 (top panel), expression of DNMT1 was found to be completely inhibited in 

http://www.networkanalyst.ca/
http://www.networkanalyst.ca/
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SOCS3 transfected cells that were treated with both TNF- and IGF-1. In addition, as 

anticipated, NF-κB activation was inhibited in VSMCs when transfected with SOCS3 

expression plasmid (Figure 7, middle panel). Further, no significant change in the 

expression levels of total NF-κB were observed (Figure 7, bottom panel). Interestingly, 

the LCX coronary arteries when stained for activated NF-κB showed increased nuclear 

expression in both the control groups but not in the SOCS3 gene therapy group (Figure 8). 

The LCX sections from the animals in all three groups were stained for the expression of 

IGF-1 binding protein 2 (IGFBP2) through immunofluorescence. As seen in Figure 9, the 

expression of IGFBP2 was not detected in the SOCS3 gene therapy sections. However, it’s 

expression in the newly dividing VSMCs in the neointimal hyperplasia regions of both the 

control groups was very prominent. Based on these results and the protein network analysis 

of the effector mediators, the possible epigenetic inter-regulatory mechanism was predicted 

using the networkanalyst software (Figure 10). 

 

3.3 Discussion 

Loss of luminal patency is an undesirable consequence seen after PCI. Use of cytostatic 

drugs to prevent this post procedural effect from PCI, further complicates the health 

conditions of the patients due to their systemic effects. To address this issue, preclinical 

trials in Yucatan microswine were carried. AAV mediated SOCS3 gene therapy was 

conducted to study the effects of SOCS3 in inhibiting neointimal hyperplasia. In this 

approach, AAV virus with or without SOCS3 gene construct was delivered locally at the 

site of balloon injury after PCI in the LCX. Interestingly, SOCS3 expression in the LCX 

after PCI, prevented neointimal hyperplasia and restored the luminal patency [71]. Earlier, 
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our group has reported that the growth factor IGF-1 and the cytokine TNF-α, when present 

together can inhibit the expression of SOCS3 [67]. This inhibition of SOCS3 was found to 

be due to induced expression of an important epigenetic mediator, DNMT1. Subsequently, 

due the DNA methylation activity of DNMT1, expression of several of its target genes 

including SOCS3 were affected. This silencing of SOCS3 expression was found primarily 

due to methylation of the CpG residues within the CpG island located in its promoter region 

[72]. In our recent reports, we showed that SOCS3 gene therapy inhibits the expression of 

both DNMT1 and DNMT3a [71]. However, the molecular mechanisms with which SOCS3 

renders its inhibitory actions in preventing neointimal hyperplasia remained unknown. 

Nevertheless, it was clear that DNMT1 mediated epigenetic mechanism was associated 

with the growth of neointimal hyperplasia, but the molecular intermediates or the effector 

proteins involved in this epigenetic regulation remain unidentified. In the present work, we 

examined for the expression of epigenetic proteins in the LCX after PCI induced vascular 

injury in controls and SOCS3 gene therapy groups. Through histological staining, we 

examined for the expression of different epigenetic regulators that show remarkable 

differences in their expression patterns between the gene therapy group and the control 

groups. As SOCS3 expression would lead to inhibition of the maintenance methylase 

DNMT1, we examined for the expression of epigenetic markers that regulate DNMT1. 

EZH2 expression has been associated with several proliferative disorders. Its role in 

initiating different cellular pathways leading to pathological progression of the different 

diseases was reported [73] [74] [75] [76] [77] [78]. Although EZH2 expression was not 

found to be directly associated with proliferation of VSMCs, inhibition or knockdown of 

EZH2 expression in VSMCs was reported to reduce cell number. At the same time, over 
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expression of EZH2 was reported to promote growth of VSMCs [79]. In pulmonary artery 

smooth muscle cells, EZH2 expression was shown to be directly associated with increased 

proliferation of smooth muscle cells [80]. In VSMCs, a feedback regulatory role of TNF-

α was reported. TNF-α initially promotes the expression of EZH2 and later induces the 

expression of SIRT1 which is a negative regulator of EZH2 [81]. This feedback mechanism 

regulated by TNF-α stimulation was also found to be associated with expression of SM22 

which plays a critical role in fine tuning cellular inflammation along with SIRT1. The 

above results clearly suggest the role of EZH2 in regulating VSMC proliferation. 

Accordingly in the present work, the expression of EZH2 in the LCX tissues of control and 

SOCS3 gene therapy groups was examined. Results show a clear correlation between 

increased expressions of EZH2 and neointimal growth. In SOCS3 gene therapy group, 

reduced expression of EZH2 was observed (Figure 3). Also, in cultured VSMCs isolated 

from the coronary arteries, treatment with TNF-α or IGF-1 or both together showed no 

significant difference in the expression of EZH2 among them. Also in VSMCs that were 

transfected with SOCS3 plasmid and treated with or without TNF-α or IGF-1 alone did not 

show any significant difference in the expression of EZH2. However, only in VSMCs that 

were transfected with SOCS3 plasmid and treated with both TNF-α and IGF-1 together, 

showed complete inhibition of EZH2 expression (Figure 6). These observations indicate a 

novel functions of SOCS3 that are associated with inhibition of EZH2 during neointimal 

hyperplasia. These findings correlate with the previous reports and re-establish the 

epigenetic role of EZH2 in promoting VSMC proliferation which can potentially enhance 

neointimal hyperplasia/restenosis.  
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Besides DNA methylation, protein methylation on the arginine residues by PRMTs was 

reported to be an important epigenetic event. Among the different members of PRMT 

enzymes, PRMT7 was found to be unique both structurally and functionally [82]. This 

isoform contains two catalytic units in duplicate. Further, the N-terminal half of PRMT7 is 

similar to its C-terminal half. PRMT7 was reported to have unique substrate specificity 

compared to the other members in this family of proteins [83]. A more interesting aspect 

of PRMT7 is its ability to maintain the stemness in the embryonic and pluripotent stem 

cells. Recently it was shown that PRMT7 functions similar to the stemness inducing 

transcription factor SOX2, and promotes reprograming of the fibroblasts into pluripotent 

stem cells [84]. Undoubtedly, increased pluripotency in the neointimal region of the blood 

vessels would facilitate increased cell proliferation, potentially contributing to the 

formation of neointimal hyperplasia. In the present work, the expression of PRMT7 in the 

LCX sections of SOCS3 gene therapy group and the control groups was evaluated through 

immunofluorescent staining. The results showed increased expression of PRMT7 in the 

control group arteries, and its expression was greatly reduced in the SOCS3 gene therapy 

group (Figure 4). However, varied expression of PRMT7 was observed in cultured 

VSMCs which did not correlate with the observed differences in the histological sections. 

This could be because the functions of PRMT7 may be more pronounced in the pluripotent 

or progenitor stem cells than in the fully differentiated VSMCs.  

One of the main aspects in the present study was to identify epigenetically induced effector 

proteins that can potentially enhance cell proliferation during neointimal hyperplasia. A 

notable protein that has been associated with different heart diseases is galectin-3 whose 

serum levels were reported to be elevated in almost all heart diseases. Increasing literature 
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evidence supports galectin-3 to be considered as a possible biomarker in cardiovascular 

diseases [85][86][87][88][89][90][91][92][93][94][95][96][97]. To identify the role of 

Galectin-3 in neointimal hyperplasia, the histological sections of LCX tissues from controls 

and SOCS3 gene therapy groups were stained with anti-Galectin-3 antibody. As seen in 

Figure 2, in both the control arteries, increased expression of Galectin-3 was observed. 

Also, the expression of Galectin-3 was seen throughout and outside the newly proliferating 

smooth muscle cells suggesting its cytoplasmic and secretable nature. Interestingly, 

Galectin-3 expression was found to be inhibited only in the LCX arteries of swine that 

underwent SOCS3 gene therapy. Also in cultured VSMCs that were transfected with 

SOCS3 expression plasmid, drastic decrease in the expression of Galectin-3 was observed 

which was independent of the treatment with TNF-α or IGF-1. These results indicate that 

TNF-α and IGF-1 are required to initiate early events in the epigenetic signaling 

mechanisms which would induce galectin-3. 

 

3.4  Conclusions 

The present results indicate the existence of an epigenetic molecular mechanism regulated 

by EZH2, PRMT7 and DNMT1 to induce Galectin-3 expression, and SOCS3 expression 

inhibits galectin-3 to prevent growth of neointimal hyperplasia/restenosis. This is the first 

report which shows that SOCS3 expression would lead to inhibition of the epigenetic 

mechanism(s) that promote Galectin-3 expression in the LCX after PCI. Also, this would 

be the first report which indicates that the three epigenetic mediators DNMT1, EZH2 and 

PRMT7 either are inter-regulated or their independent mechanisms are the targets of 

SOCS3. Based on the results presented here along with in-silico analysis of protein 



   

 

51 

 

interaction pathways using networkanalyst software, a possible epigenetic pathway that is 

associated with proliferation of VSMCs during the growth of neointimal hyperplasia was 

predicted. Galectin-3 appears to be epigenetically induced in the restenotic lesions during 

vascular injury occurring due to PCI intervention in the coronary arteries. This may be the 

possible disease causing mechanism associated with Galectin-3, leading to neointimal 

hyperplasia/restenosis (Figure 10) [57].   
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Chapter 4: HDAC2 expression induces proliferation, migration and phenotype 

switch in VSMCs during neointimal hyperplasia 

4.1 Introduction 

Due to arterial injury such as that occurs during atherosclerosis or PCI intervention, growth 

factors and cytokines are produced which can induce neointimal hyperplasia/restenosis. In 

addition, these growth factors and cytokines can also promote phenotype switch in VSMCs 

[2]. The eventual reduced patency in the artery is the direct pathological consequence of 

neointimal hyperplasia/restenosis, which also leads to ischemia and myocardial infarction. 

To prevent loss of life, immediate coronary artery bypass graft (CABG) is commonly 

performed in these patients however, CABG is not only an extensive procedure it is also a 

high risk and a highly invasive procedure with moderate success rate [3]. 

Histone deacetylase 2 (HDAC2) is a class I histone deacetylase, which causes gene 

silencing by removing the acetyl group on lysine residues at the N-terminus of the core 

histone proteins H2A, H2B, H3, and H4. Binding of HDAC2 with the non-catalytic domain 

of DNMT1 is required for the molecular interactions between the two proteins. Moreover, 

the three proteins DNMT1-PCNA-HDAC2 were shown to interact as a protein-protein 

complex to prevent proliferation of HEK293 cells [98].   

Treatment with Trichostatin A (TSA), which is a non-specific inhibitor of class I and class 

II HDAC proteins, was reported to prevent the proliferation of VSMCs by inducing the 

expression of the tumor suppressor protein cyclin-dependent kinase inhibitor, 

p21WAF1/CIP1 [99].  
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In peripheral blood mononuclear cells (PBMCs), treatment with TSA and 

Lipopolysaccharide (LPS) was shown to cause decreased expression of TNF-α, and the 

interleukins IL-1β and IL-6. Interestingly, global demethylation by 5-Azacytidine in 

presence of LPS, enhanced the expression of TNF-α and IL-6 [100]. In the present studies 

it was identified that TNF-α alone is not sufficient to induce DNMT1 expression which is 

supported by the above reports. Decreased TNF-α expression in absence of HDAC proteins 

(TSA treatment) and increased TNF-α expression in absence of DNMT1 (AZA treatment) 

suggests TNF-α mediated signaling regulates epigenetic mechanisms of HDAC and 

DNMT proteins. The role of HDAC10 in transcriptional regulation was proposed, and 

protein interactions of HDAC10 with HDAC6 was ruled out. It is to be noted that both 

HDAC10 and HDAC6 belong to class II group and share high sequence similarity [101] . 

But whether HDAC10 interacts with other class I HDAC proteins was not explored in 

detail. In the present work, the possible inter-regulated mechanisms between HDAC2 

(class I) and HDAC10 (class II) was explored. 

Elevated levels of HDAC2 was reported in patients with colorectal, cervical and gastric 

cancers [102]. Romidepsin, which is a selective inhibitor of HDAC1 and HDAC2, was 

approved by the FDA in 2009 for the treatment of cutaneous T-cell lymphoma (CTCL) 

or/and peripheral T-cell lymphoma (PTCL) [103]. Since the interaction between HDAC2 

and DNMT1 are required to promote VSMC cell proliferation, would Romidepsin 

treatment reduce VSMC proliferation remained a question to be solved? Another question 

that remain unaddressed is whether inhibition of HDAC2 with Romidepsin would have 

any effect on phenotypic switch in VSMCs? In these lines, the present work was designed 

to identify potential benefits of Romidepsin treatment in preventing neointimal 
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hyperplasia. In support of the above outlined studies, a recent publication showed 

inhibition of VSMC proliferation in the presence of low concentrations of oxidized low-

density lipoproteins (oxLDL) when the cells were transfected with microRNA miR-490-

3p [104]. Interestingly, targetscan analysis of miR-490-3p predicted HDAC2 as its most 

effective target transcript. MEF2D and TGFR1 are the other two effect targets of miR-

490-3p.  

Gene Primer sequence 

HDAC2F GGAAGGAGGCCGTAGAAATG 

HDAC2R GCTGTTCTGATTTGGCTCCT 

MEF2DF GCAAAATATCAACAACAGCCGA 

MEF2DR CTTCAGCACCTGGAAGCC 

TGFBR1F CCAGGAAAGCCACCATCTG 

TGFBR1R CCCTCTGAAATAAAAGGGCGA 

18SF GGACAGGATTGACAGATTGATA 

18SR CTCGTTCGTTATCGGAATTAA 

 

Table 3. The primer sequences of HDAC2, MEF2D, and TGFBR1 and reference gene 

18S used for RT-PCR. List of gene specific primers and their sequences that are used in 

evaluating fold change in gene expression using RT-PCR. Primers for 18S were used as 

internal reference and also to calculate relative gene expression using ddCt method. 

 

4.2 Results 

4.2.1 Co-expression of HDAC2 and HDAC10 in the LCX after PCI  
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Figure 11. Expression of HDAC2 and HDAC10 in swine LCX and RCA.  Figure shows 

immunofluorescent staining of HDAC10 and HDAC2 proteins in the LCX after PCI and in 

RCA as control group. Sections were dual stained with mouse anti-HDAC10 and rabbit 

anti-HDAC2 primary antibodies. Both the primary antibodies were independently assessed 

with corresponding fluorescent secondary antibodies using goat anti-mouse FITC (green) 

and donkey anti-rabbit Alexa Fluor (red). DAPI was used as nuclear counterstain (blue). 

Images shown were acquired at 20x magnification and representative images were 

presented here. Representative images from all three swines in each group were shown. 

 

To determine whether HDAC2 and HDAC10 co-express and contributes to neointimal 

hyperplasia, PCI was performed in the LCX and dual stained with HDAC2 and HDAC10 

antibodies. The RCA which did not undergo PCI was used as control. The sections imaged 

though fluorescent microscopy showed co-localized expression of HDAC10 and HDAC2 

in the neointimal hyperplasia (Figure 11), suggesting that HDAC10 might recruit HDAC2 

as part of the transcriptional gene regulatory mechanism to promote neointimal hyperplasia.  

 

4.2.2 Characterization of the primary VSMCs isolated from swine coronary arteries 
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Figure 12. Expression of α-SMA in the primary VSMCs isolated from swine coronary 

arteries. Figure shows the primary VSMCs isolated (as detailed in the materials and 

methods section) were stained with mouse anti-α-SMA primary antibodies and goat anti-

mouse Alexa Fluor (red) secondary antibodies. After counter staining the cells with DAPI 

(blue), fluorescent images were acquired from Olympus microscope at 40x magnification. 

The cell in the center shows typical elongated actin fibers which characterizes the 

phenotype of VSMCs. The images were representative of two independent experiments. 
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Figure 13. Effects of different concentrations of IGF-1 and TNF-α on proliferation of 

primary VSMCs. Figure shows the combined effects of IGF-1 and TNF-α on cell 

proliferation in the primary VSMCs that were treated with 0 ng/ml, 50 ng/ml, 75 ng/ml, 

100 ng/ml, 150 ng/ml, and 200 ng/ml each. MTT assays was carried out to determine 

increase in cell proliferation. Data presented show mean values with SEM in the error bars 

from one independent experiment. Experiments were repeated at three different times from 

three different isolations of VSMCs. Cells in passage 3 were used for these studies (n =3; 

*** p<0.001) 

 

To characterize the true phenotype of primary VSMCs after their isolation from the 

coronary arteries, the cells were cultured in 4-well chamber slides. The cultured cells were 

fixed and stained with α-SMA antibody. As seen in Figure 12, the elongated actin fibers 

were very prominent. The expression of actin fibers that are detected with α-SMA antibody 

suggests the true phenotype of VSMCs. To determine the ideal concentrations of IGF-1 

and TNF-α required to induce cell proliferation in VSMCs, cells were treated with different 

concentrations of both IGF-1 and TNF-α. To evaluate the extent of cell proliferation 

induced by IGF-1 and TNF-α, MTT assay was carried out. We found that only 100 ng/ml 

IGF-1 and TNF-α induced significantly proliferation of VSMCs. As seen in Figure 13, no 

significant difference in VSMCs proliferation was observed when cells were treated with 

50 ng/ml, or 75 ng/ml of IGF-1 and TNF-α. A 100 ng/ml each of IGF-1 and TNF-α was 

found to be the least effective dose which produced highest rate of cell proliferation in 

VSMCs. At concentrations above 100 ng/ml, the cell proliferation rate started to decline 

which is a common type of response curve normally seen in assays that evaluate dose 

effects. Although MTT assay can be a better substitute assay to assess cell proliferation, a 
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more precise and qualitative BrdU assay was performed in subsequent experiments to 

measure cell proliferation rate. 

 

4.2.3 HDAC2 silencing prevents proliferation and migration in VSMCs  

 

Figure 14. Cell proliferation in VSMCs transfected with siRNA-HDAC10 or siRNA-

HDAC2 and treated with or without IGF-1 and TNF-α. The primary VSMCs were 

transfected with siRNA specific for HDAC10 or HDAC2, and treated with 100 ng/ml IGF-

1 and TNF-α. Cell proliferation was assessed using BrdU staining. Figure shows data from 

six independent experiments. Data was presented as mean with SEM in the error bars. A p 

value of <0.05 was considered as statistically significant. The analyzed p value was p < 

0.0001 ****). 

 

Whether silencing of HDAC2 or HDAC10 would have any significant effect on IGF-1 and 

TNF-α induced VSMC cell proliferation was evaluated through BrdU assay. Primary 

VSMCs were first transfected with siRNA specific for HDAC10 or siRNA-HDAC2 and 
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after 24 h, they were treated with 100 ng/ml IGF-1 and TNF-α. As seen in Figure 14, 

transfection with siRNA for HDAC10 and siRNA for HDAC2 significantly lowered the 

proliferation of VSMCs even when stimulated with IGF-1 and TNF-α. These results 

suggest that HDAC2 and HDAC10 can independently prevent the proliferation of IGF-1 

and TNF-α induced cell proliferation in VSMCs.  

 

 

 

A 
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Figure 15. The Scratch wound assay in VSMCs. Panel A, shows the observed results 

from scratch would assay performed in primary VSMCs that were transfected with or 

without siRNA specific for HDAC2 and treated with or without 100 ng/ml IGF-1 and TNF-

α. Pictures were taken at 10x magnification under a light microscope and representative 

fields from each treatment were shown. The images in the top panel show pictures taken 

soon after the cells were scrapped off (0 h time point). Bottom panel shows the images 

acquired after 48 h of culture. Panel B, shows the distance the cells migrated in each 

treatment from the scrapped off point. Graph shows average distance measured in three 

random fields in each treatment. The mean values are presented with SEM as error bars. 

“I” represents cultured VSMCs treated with IGF-1; and “T” represents cultured VSMCs 

treated with TNF-α. A p value of < 0.05 was considered statistically significant. The 

analyzed p value was p<0.01 **) 

 

Scratch wound assay was performed to study the effects of HDAC2 deletion on migration 

of VSMCs. Cells were grown to 70 % confluence in 24-well plate and from the center of 

the well, the cell growth was scraped off using a 1 mL pipette tip. Subsequently, the cells 

were transfected with siRNA specific for HDAC2 and then treated with 100 ng/ ml of IGF-

1 and TNF-α for 24 h. The migration rates were calculated by comparing the initial 

scrapped off limits and the denuded space left after 48 h of culture. Results showed 

B 
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significant decrease in cell migration in the groups that were treated with IGF-1 and TNF-

α and transfected with siRNA HDAC2 (Figure 15). 

4.2.4 Knock down of HDAC2 results in inhibition of the downstream target proteins  
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Figure 16. Expression of cellular markers that are associated with migration, 

proliferation, and phenotype switch in VSMCs. The figure in panel A, shows western 

blot analysis for the expression of DNMT1, PCNA, EZH2, CX43, CCR8, and HDAC10 in 

the primary VSMCs that were transfected with or without siRNA specific for HDAC2 and 

treated with or without 100 ng/ml IGF-1 or 100 ng/ml TNF-α or both together. Panel B, 

shows expression of HDAC10 in the same treatments as in Panel A. Expression of GAPDH 

was tested as an internal loading control. All experiments were repeated twice. 
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Figure 17.  Effects of 5-aza-dC on the expression of cellular markers for migration, 

proliferation, and phenotype switch in VSMCs. Figure shows western blot analysis of 

expression of connexin 43, CCR8, EZH2, and PCNA in primary VSMCs that were treated 

with or without 50 μM 5-aza-dC and with or without 100 ng/ml IGF-1 or 100 ng/ml TNF-

α or both together. Expression of GAPDH was also evaluated as an internal loading 

control. All experiments were repeated twice. 

 

As discussed earlier, specific role of HDAC2 in phenotype switch in VSMCs needed 

further analysis. In this chapter, expression of different cellular markers associated with 

cell migration, proliferation and phenotype switch were analyzed through western blotting. 

As seen in Figure 16A, expression of DNMT1, which was presumed to interact with 

HDAC2 with its non-catalytic domain, was decreased when cells were transfected with 

siRNA specific for HDAC2 and treated with IGF-1 and TNF-α. Expression of the cell 

proliferation marker PCNA (Proliferating Cell Nuclear Antigen), migration marker CCR8, 
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and phenotype switch marker CX43 were all observed to be decreased when VSMCs were 

transfected with siRNA for HDAC2 Additionally, the VSMC phenotype switch marker 

EZH2 was found to be decreased only in cells that were transfected with siRNA for 

HDAC2 and treated with or without IGF-1 or TNF-α, or both together (Figure 16A). 

Notably, knockdown of HDAC2 was found to completely inhibit the expression of 

HDAC10 (Figure 16B). Further, expression of EZH2 was found to be completely inhibited 

in cells that were treated with 5-aza-dC, and substantial decrease in the expression of 

PCNA was observed in cells that were treated with 5-aza-dC (Figure 17). Analysis of the 

expression of CCR8 and CX43 largely remained inconclusive due to their varied 

expression patterns, requiring extensive and in-depth investigations. 

 

4.2.5 HDAC2 inhibitor Romidepsin, prevents VSMCs proliferation by suppressing 

the expression of DNMT1 
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Figure 18. Inhibitory effects of Romidepsin in VSMCs treated with or without IGF-1 

and TNF-α. Figure is a western blot showing changes in the expression of DNMT1, EZH2, 

HDAC2 in primary VSMCs that were treated with 50 nM Romidepsin and 100 ng/ml of 

both IGF-1 and TNF-α. Expression of GAPDH was tested as loading control. The 

experiment only did once.   

 

Treatment with IGF-1 and TNF-α would induce DNMT1 expression, which will interact 

with HDAC2. To prevent HDAC2 mediated activity of DNMT1, the cells were first treated 

with Romidepsin and after 2 h, IGF-1 and TNF-α were added to the same. After 18 h 

treatment, the cell lysates were analyzed through western blotting. As seen in Figure 18, 

Romidepsin treatment not only prevented HDAC2 expression but it also inhibited IGF-1 

and TNF-α induced expression of DNMT1.   
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4.2.6 Effects of microRNA miR-490-3p transfection on proliferation of VSMCs  

 

Figure 19.  Effect of microRNA miR-490-3p transfection on IGF-1 and TNF-α 

induced cell proliferation. Figure shows results from the MTT assay performed on 

primary VSMCs were transfected with or without microRNA miR-490-3p mimic or 

inhibitor (100 nM concentration each), and treated with or without 100 ng/ml IGF-1 and 

TNF-α. The mean absorbance values obtained from three separate experiments along with 

the analyzed SEM values were shown in graphical representation with error bars. A p 

value of < 0.05 was considered statistically significant. The observed p value was < 0.05. 

 

To determine the effects of microRNA miR-490-3p on proliferation of VSMCs, which 

directly targets HDAC2, MTT proliferation assay was carried out in a 96 well plate. The 

results show that the microRNA miR-490-3p mimic or its inhibitor selectively prevented 

IGF-1 and TNF-α induced cell proliferation in VSMCs (Figure 19). VSMCs transfection 

with either microRNA or its inhibitor alone showed no significant difference compared to 

un-transfected control. Marginal differences in cell proliferation was observed in cells that 

were transfected with inhibitor and treated with or without IGF-1 and TNF-α. The observed 
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marginal differences in cell proliferation suggests further optimization in the 

concentrations of mimic or inhibitor used, is required to obtain desired effects. However, 

unlike siRNA, the microRNAs will have many target genes. From this perspective, the 

results obtained appear to be supportive of the siRNA studies that are discussed in Figure 

16. In addition, the expression of other target genes of the microRNA miR-490-3p such as 

MEF2D and TGFR1 were also evaluated from the total RNA isolated from the cells in 

different groups as detailed below (Figure 20). Trizol was used to isolate total RNA and 

1.1 µg total RNA in 40 µl total volume was used for cDNA synthesis. About 8 µl of the 

cDNA was used for each RT-PCR reaction to analyze expression of specific genes with 

corresponding unique primers (Table 3). 

 

Figure 20. The RT-PCR analysis of gene expression in VSMCs transfected with or without 

miR-490-3p mimic or inhibitor and treated with or without IGF-1 and TNF-α. Total RNA 

was isolated from the primary VSMCs in different treatment groups that were transfected 

with or without miR-490-3p mimic or its inhibitor, and subsequently treated with or without 

100 ng/ml IGF-1 and TNF-α. The figure shows results from RT-PCR analysis of gene 

expression using the above isolated total RNA. Fold change in the expression levels of 

HDAC2, MEF2D, TGFR1 was determined using ddCt method with 18S as the house 

keeping gene. Data presented here shows the mean values from at least three replicates, 

with the values of SEM shown as error bars. A p value of < 0.05 was considered 

statistically significant. The actual observed p values were: * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001.  
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4.3 Discussion 

In the present studies, we found increased expression of HDAC2 in neointimal hyperplasia. 

The data presented also shows that in VSMCs, HDAC2 inhibition can prevent cell 

proliferation mediated through PCNA, cell migration through CCR8, and phenotype switch 

regulated by CX43 and EZH2.  

HDAC2 presumably binds to the non-catalytic domain of DNMT1 to repress gene 

expression [102]. In our previous work, we reported that DNMT1 upregulation was 

induced by IGF-1 and TNF-, which caused increased proliferation and migration of 

VSMCs by suppressing SOCS3. Hypermethylation of the CpG Island present in the 

promoter region of SOCS3 was reported as the epigenetic mechanism that causes inhibition 

of SOCS3 gene expression by DNMT1 [64]. Moreover, the DNMT inhibitor 5-Aza-2-

deoxycytidine was reported to prevent cell phenotype switch, cell cycle progression, and 

migration in PDGF-treated rat airway smooth muscle (RASM) cells [50].  

Romidepsin, which is a selective inhibitor of HDAC1 and HDAC2, was approved in the 

US in 2009 for the treatment of cutaneous T-cell lymphoma (CTCL) or/and peripheral T-

cell lymphoma (PTCL) [100]. VSMCs treated with Romidepsin showed decreased 

expression of DNMT1, EZH2 and also its primary target HDAC2. These results further 

confirm the results obtained using siRNA specific for HDAC2. The microRNA miR-490-

3p was reported to prevent VSMCs proliferation under low concentrations of oxLDL 

treatment [101]. Also, from targetscan analysis, miR-490-3p was found to target 3’UTR of 

HDAC2, as well as the restenosis-promoting genes MEF2D, HMGB2, and TGF R1. The 
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decreased expression of MEF2D, HMGB2, and TGF R1 in VSMCs transfected with the 

microRNA miR-490-3p suggests a clear role of HDAC2 in promoting neointimal 

hyperplasia. 

4.4 Conclusion 

HDAC2 expression was identified to be upregulated during neointimal hyperplasia after 

PCI in a swine model supplemented with atherogenic diet. Inhibiting the expression of 

HDAC2 can potentially repress the expression of DNMT1, which regulates proliferation, 

migration, and phenotype switch in VSMCs treated with IGF-1 and TNF-α. Results from 

the treatment with HDAC2 inhibitor Romidepsin and transfection from with the 

microRNA miR-490-3p, confirm a positive role of HDAC2 in promoting neointimal 

hyperplasia. Based on these results, HDAC2 can be a potential target for the treatment of 

neointimal hyperplasia.   
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Chapter 5: HDAC10 epigenetically regulates VSMC proliferation and migration 

through HDAC2-DNMT1-PCNA pathway  

Results from the above studies identify that HDAC2 inhibits migration and proliferation 

of VSMCs. Possible interactions between HDAC10 and HDAC2 have been described 

previously [61]. The above reports and our studies indicate the existence of possible 

protein-protein interactions between HDAC10 and HDAC2, and an indirect role of 

HDAC10 in regulating VSMCs functions. However, the expression and proteins regulated 

by HDAC10 in neointimal hyperplasia was not yet reported. The below studies were aimed 

at determining the biological functions of HDAC10 associated with VSMC proliferation 

and migration through HDAC2-DNMT1-PCNA regulatory pathway. 

5.1 Introduction 

HDAC10 is a class II histone deacetylase. Possible molecular interactions occurring 

between HDAC10 and HDAC2 have been previously described [61]. Stereo metric 

interactions between HDAC2 and the non-catalytic domain of DNMT1 was speculated in 

regulating gene expression [105]. Further, in HEK293 cells, molecular interactions 

between three proteins DNMT1, PCNA and HDAC2 were identified to be associated with 

transcriptional gene repression [106].  

In the meta-analysis of 24 randomized trials which included over 4880 patients who 

underwent interventional treatments for coronary in-stent restenosis, use of drug coated 

balloons and DESs were found to have superior clinical and angiographic outcomes [107]. 

The incidence of restenosis decreased as higher number of drug-eluting stent implanted 

patients. However, some problems (e.g. drug-drug eluting stents interactions (DDESIs)) 
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were reported in patients with Sirolimus, Everolimus, and Zotarolimus DESs and with anti-

hypertensive drugs, anti-hyperlipidemic drugs, coagulants, vasodilators and oral 

hypoglycemic agents [108]. Thus the need to identify novel targets to lower the incidence 

of in-stent restenosis was emphasized.  

Recently, different epigenetic mechanisms, such as DNA methylation, histone 

modification, and non-coding RNAs, have been identified as regulators of cellular 

pathways which enhance the pathological progression of cardiovascular disease [109]. In 

efforts to identify novel target proteins and their mechanisms associated with proliferation 

of VSMCs, the below described work was strategized. The results from the present studies 

indicate HDAC10 as a novel candidate protein whose inhibition can prevent DNMT1-

PCNA-HDAC2 mediated DNA methylation. Thus preventing the pathologically induced 

epigenetic mechanisms that cause negative consequences such as enhancing cell 

proliferation, phenotype switching in VSMCs, migration, and cellular inflammation etc. 

could be an effective means of inhibiting the formation of restenosis.  

 

5.2 Results 
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5.2.1 Co-localized expression of HDAC10 with cellular markers of proliferation and    

migration in LCX after PCI 

 

A 
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Figure 21. Co-localized expression of HDAC10 with DNMT1, EZH2, PCNA, CX43 

and CCR8 in the LCX after PCI.  Figures in Panel A shows the expression of HDAC10 

and DNMT1 along with DAPI staining. In the merged prolife, the resulting white color 

merging from red, blue and green indicates co-localized expression seen in the nucleus. 

Panels B, C, D and E show co-localized staining of HDAC10 with EZH2, PCNA, CX43, 

and CCR8 respectively. The top row in each panel shows immunofluorescent staining of 

LCX sections with HDAC10 and other proteins as described above. The bottom row in 

each panel shows immunofluorescent staining of RCA sections with HDAC10 and other 

proteins as described above, representing a control. The primary antibodies used were 

rabbit anti-HDAC10, rabbit anti-EZH2, rabbit anti-CX43, rabbit anti-CCR8, mouse anti-

DNMT1, and mouse anti-PCNA. The secondary antibodies with fluorescent tags used were 

goat anti-mouse FITC (green), goat anti-mouse Alexa Fluor (red), donkey anti-rabbit 

FITC (green), and donkey anti-rabbit Alexa Fluor (red). DAPI (blue) was used for counter 

staining the nucleus. Images acquired at 20x magnification using Olympus microscope. 

Representative areas from each section were presented here. Representative images from 

all three swines in each group were shown. 

 

To investigate whether HDAC10 either co-expresses or interacts with cellular proteins such 

as DNMT1, EZH2, PCNA, CX43 and CCR8 which are responsible for the formation of 

neointimal hyperplasia, the LCX sections were dual stained with antibodies against 

HDAC10 and the above listed genes. As seen in Figure 21, the results indicate that 

HDAC10 expression was seen co-localized with DNMT1, PCNA, CCR8, CX43, and 

EZH2 in the neointimal hyperplasia regions. Interestingly, the RCA arteries which did not 

E 
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undergo PCI failed to show any co-localized expression (Figure 21). These results are 

consistent with the observations from chapter 4 which describe HDAC10 co-localization 

with HDAC2 in neointimal regions (Figure. 11). Together, these results provide a 

molecular mechanism of HDAC10 suggesting that HDAC10 recruits HDAC2 and the 

downstream marker DNMT1, to promote the expression of the cell proliferation marker 

(PCNA), cell migration markers (CCR8, CN43), and phenotype switch marker (EZH2) in 

VMSCs. This mechanism possibly is the epigenetic mechanism contributing to the growth 

and development of neointimal hyperplasia due to injury to the arteries resulting from PCI.  

 

5.2.2 HDAC10 inhibition prevents VSMCs proliferation and migration by repressing 

the DNMT1-PCNA-HDAC2 signaling cascade 

 

A 
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Figure 22. Scratch wound assay in VSMCs in presence or absence of HDAC10. Figure 

shows scratch would assay performed in 24-well plate with cultured primary VSMCs. Cells 

were either transfected with the HDAC10 expressing construct pAAV-HDAC10 or with 

siRNA specific for HDAC10. Panel A, shows images taken at 10x magnification under a 

light microscope. Representative fields from each treatment were shown. The images in the 

top panel show pictures taken soon after the cells were scrapped off (0 h time point). 

Bottom panel shows the images acquired after 48 h of culture. Panel B, shows the distance 

the cells migrated in each treatment from the scrapped off point. Graph shows average 

distance measured in three random fields in each treatment. The mean values are presented 

with SEM as error bars. (* p<0.05). 
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Figure 23. Expression of HDAC10 regulated cellular markers of migration, 

proliferation, and phenotype switch in VSMCs treated with IGF-1 and TNF-α. Figure 

shows western blot analysis of different cellular markers in VSMCs transfected with or 

without siRNA specific for HDAC10 and treated with or without 100 ng/ml IGF-1 or TNF-

α or both together. The proteins tested for their expression in Panel A were DNMT1, EZH2, 

PCNA, HDAC2, and p-NF-κB . In Panel B the expression of p-FAK, CCR8, and connexin 

43 were evaluated. Expression of GAPDH was tested as an internal loading control. All 

experiments were repeated twice. 

 

Earlier results from Chapter 4 (Figure 14) identify that inhibition of HDAC10 would 

prevent cell proliferation in VSMCs induced by treatment with IGF-1 and TNF-α. Scratch 

wound assay further confirms the cell migration inhibitory effects of HDAC10 in VSMCs. 

The observed results indicate that pAAV-HDAC10 transfection in VSMCs would lead to 

significant increase cell migration (Figure 22).  

The results from the western blot analysis suggest that transfection with siRNA for 

HDAC10 in VSMCs would lead to decreased expression of DNMT1 which was induced 

by the treatment with IGF-1 and TNF-α (Figure 23A). The cell proliferation marker 

PCNA, cell migration marker CCR8 and p-FAK, and cell phenotypic switch markers EZH2 

and CX43, were all found decreased when HDAC10 was inhibited by its corresponding 

siRNA (Figure 23A and Figure 23B). Phosphorylated NF-κB, which is a pro-

inflammatory marker, was inhibited when VSMCs were transfected with siRNA HDAC10. 

Moreover, inhibiting HDAC10 also resulted in the downregulation of HDAC2. These 

results agree with our earlier results and further confirm that HDAC2 inhibition can 

completely block the expression of HDAC10 (Figure 23A). Cumulatively, these 

observations provide ample evidence to ascertain that HDAC2 plays an important role in 

stabilizing the HDAC10-HDAC2-DNMT1 protein complex and assists in initiating the 

downstream signaling cascade.   
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5.2.3 Effects of HDAC10 inhibition on VSMC phenotype and apoptosis  

 

Figure 24. Role of HDAC10 in the expression of cellular markers associated with 

phenotype switch and apoptosis. Figure shows western blot analysis of the expression of 

DNMT1, DNMT3a, Sirt1, Caveolin-1, and Calponin-1, in primary VSMCs transfected with 

or without siRNA HDAC10 and treated with or without 20 ng/ml PDGF-BB.  Expression 

of GAPDH was tested as an internal loading control. All experiments were repeated twice. 

 

PDGF-BB plays an important role in regulating proliferation, migration and phenotype 

switch during the development of neointimal hyperplasia [110]. In the present work, 

western blot analysis was carried out to study the expression of specific protein markers in 

VSMCs that were induced by PDGF-BB. The results show that DNMT3a expression is 

elevated in absence of DNMT1. Further, the expression of DNMT1 was found decreased 

in VSMCs that were transfected with siRNA specific for HDAC10 and treated with PDGF-

BB (Figure 24). This is in agreement with our earlier published reports which show that 

inhibition of DNMT1 instigates the expression of DNMT3a to supplement for the absence 

of DNMT1 [111] . Interestingly, the expression of the cell proliferation inhibitor Caveolin-
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1 and the VSMC contractile phenotype marker Calponin-1 were found to be significantly 

increased in VSMCs that were transfected with siRNA specific for HDAC10 (Figure 24). 

The expression of Sirtuin 1(Sirt1), which is a class III histone deacetylase, was found to be 

elevated during differentiation of VSMCs which may contribute to the attenuation of 

vascular remodeling and hypertension. Increased Sirt1 expression was observed when 

VSMCs were transfected with siRNA specific for HDAC10 (Figure 24).  

 

5.2.4 In-vivo expression of SOCS3 prevents HDAC10 and MMP2/9 in LCX after PCI

  

A 
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Figure 25. Effects of SOCS3 gene therapy on the expression of HDAC10, MMP9 and 

MMP2 in LCX after PCI. Figure shows immunofluorescent staining of HDAC10, MMP9, 

MMP2 expression the LCD after PCI in control, control vector, and SOCS3 vector groups. 

Sections were stained with mouse anti-HDAC10, rabbit anti-MMP9, rabbit anti-MMP2 

primary antibodies, and goat anti-mouse Alexa Fluor (red) and donkey anti-rabbit Alexa 

Fluor (red) secondary antibodies. DAPI (blue) was used as nuclear counter staining. 

Images shown were acquired at 20x magnification using Olympus microscope. 

Representative images of the observed expression was shown. Images in Panel A, shows 

expression of HDAC10, Panel B, shows expression of MMP9 and Panel C shows the 

expression of MMP2. Representative images from all three swines in each group were 

shown. 

 

 

 

 

A 
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Figure 26. Scratch wound assay in VSMCs transfected with the pAAV-SOCS3 

plasmid and treated with IGF-1 and TNF-α. VSMCs were transfected with pAAV-

SOCS3 expression plasmid. After scrapping off the growth zones, the cells were treated 

with or without 100 ng/ml of IGF-1 and TNF-α together. Panel A, shows images taken at 

10x magnification under a light microscope. Representative fields from each treatment 

were shown. The images in the top panel are taken soon after the cells were scrapped off 

(0 h time point). Bottom panel shows the images acquired after 48 h of culture. Panel B, 

shows the distance the cells migrated in each treatment from the scrapped off point. Graph 

shows average distance measured in three random fields in each treatment. The mean 

values are presented with SEM as error bars. (** p<0.01, **** p<0.0001). 
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Figure 27. Expression of MMP9 quantified through ELISA. Figure shows 

spectrophotometric quantification of MMP9 expression in the medium supernatants of 

VSMCs transfected with or without pAAV-SOCS3 plasmid and treated with or without IGF-

1 and TNF-α together. MMP9 expression were measured using ELISA kit. Data shows 

increased MMP9 expression in IGF-1 and TNF-α treatment group, and SOCS3 expression 

inhibits MMP9 even in presence of IGF-1 and TNF-α. Experiments were repeated four 

times and the results with mean values were presented along with SEM in the error bars. 

(**p<0.01; ****p<0.0001). 
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Figure 28. HDAC10 expression in presence or absence of SOCS3, IGF-1 and TGF-α. 

Figure shows western blot analysis of HDAC10 expression in VSMCs transfected with 

pAAV-SOCS3 expression plasmid and treated with or without 100 ng/ml IGF-1 or TNF-α 

or both together. Expression of GAPDH was tested as internal loading control. This 

experiment only did once. 

 

The expression of HDAC10 and cell migration markers, MMP2 and MMP9 were analyzed 

in the LCX after PCI and with or without Adeno-Associated Virus mediated SOCS3 gene 

therapy. As seen in the (Figure 25), increased expression of HDAC10, MMP9 and MMP2 

were observed in the VSMCs of neointimal hyperplasia regions of both control and control 

vector groups. Little or no expression of HDAC10, MMP2, and MMP9 was observed in 

the SOCS3 gene therapy group. In-vitro scratch wound assay was carried out to evaluate 

the effects of SOCS3 expression on migration of VSMCs. After transfecting the cultured 

VSMCs with pAAV-SOCS3 expression plasmid, the cells were partly scraped off with a 

1ml pipette tip and treated with 100 ng/ml IGF-1 and TNF-α or left untreated as control. 

The migration rates were calculated by measuring cell growth into the denuded space at 0 

h and 48 h and compared between the two time points. The results showed significantly 
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decreased cell migration in VSMCs that were transfected with pAAV-SOCS3 plasmid and 

treated with both IGF-1 and TNF-α together (Figure 26). 

Western blotting was performed to detect quantitative differences in the expression of 

different proteins in vitro, using cultured VSMCs. Swine primary VSMCs were isolated 

and cultured to 70 % confluence. After transfection of a SOCS3 expression vector for 36 

h, cells were treated with100 ng/ml IGF-1 or TNF-α or both together for another 16 h. 

VSMCs were harvested and lysed and the protein content was quantified using BCA assay.  

The medium supernatants collected from the VSMCs that were transfected with or without 

pAAV-SOCS3 plasmid and treated with or without 100 ng/ml IGF-1 and TNF-α were 

quantified to test the expression levels of secreted MMP9 through ELISA (Figure 27).  The 

results showed MMP9 secretion was significantly decreased in the supernatants of SOCS3 

transfected groups compared to untreated control. These results suggest that SOCS3 

expression prevents the production or secretion of MMP9 in VSMCs that was induced by 

IGF-1 and TNF-α treatment. The results from the western blot analysis indicate that SOCS3 

expression also inhibits HDAC10 (Figure 28). These findings project a novel role of 

SOCS3 in preventing migration of VSMCs by inhibiting HDAC10, MMP9 and MMP2.  

 

5.3 Discussion 

HDAC10 is a class II histone deacetylase interacts with HDAC2 [61]. Further, HDAC2 

sterometrically interacts with the non-catalytic domain of DNMT1 and promotes activity 

leading to global DNA methylation which represses gene expression required to maintain 

cellular homeostasis [105]. Although the functions of HDAC10 in promoting angiogenesis 
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and metastasis in cancer has been reported, its effects on promoting proliferation of 

VSMCs during restenosis has not been explored [60]. Phosphorylation of focal adhesion 

kinase at the Tyr-397 position, which is the binding site for Src family protein-tyrosine 

kinase (PTK), plays an important role in regulating the migration of VSMCs by triggering 

the classical ERK2/MAP kinase pathway [32]. In the present study, the proliferation 

marker (PCNA), migration markers (CCR8, p-FAK) and phenotype switch markers 

(EZH2, CX43) showed increased expression in the neointimal hyperplasia regions after 

PCI. Interestingly, these markers were found to co-express with HDAC10, and also with 

HDAC2. Moreover, DNMT1 and HDAC2 expression were observed to be decreased when 

HDAC10 expression was inhibited using its specific siRNA. These results suggest possible 

molecular interactions between HDAC10 and HDAC2 required for the formation of intimal 

hyperplasia.  

The phenotype switch in VSMCs occurring due to the treatment with PDGF-BB was 

investigated. Caveolin-1 was reported to inhibit proliferation of VSMCs by suppressing 

the Ras-p42/44 MAP kinase pathway in addition to inhibiting Cyclin D1 expression. 

Calponin-1 is a cellular marker used to phenotype VSMCs that are in a contractile state[27]. 

Overexpression of Sirt1 affects the expression of TGF-β1 in VSMCs and reduces vascular 

inflammation. Sirt1 prevents binding of the transcription factor NF-κB to the promoter 

region of TGF-β1. This inhibition was shown to prevent AngII mediated vascular 

inflammation and remodeling in the thoracic and renal aortas in mice [112]. Down-

regulation of hypoxia inducible factor (HIF-1α) in VSMCs was shown to mitigate 

formation of neointima due to wire injury in the femoral arteries in SIRT1-transgenic mice 

[113]. Sirt1 also promotes the expression of contractile markers in VSMCs such as α-actin, 
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calponin, and SM22α. The reciprocal inter-regulation between FOXO proteins is also 

regulated by Sirt1. Upregulated expression of FOXO3a with simultaneous suppression of 

FOXO4 was reported in rat VSMCs that were subjected to 10 % - 1.25 Hz cyclic stretch 

[114]. In the present study, inhibition of HDAC10 was found to induce the expression of 

Sirt1 in VSMCs that were treated with PDGF-BB. These results indicate an active parallel 

mechanism of HDAC10 in regulating the formation of intimal hyperplasia through Sirt1. 

The findings identified in Chapter 3 above elucidate SOCS3 mediated inhibition of 

DNMT1 during the formation of neointimal hyperplasia. Further, SOCS3 expression also 

inhibits HDAC10. In line with these findings, additional studies are needed to check the 

expression of HDAC2 when SOCS3 expression is enhanced. HDAC10 plays an important 

role in metastasis, and as shown above, overexpression of HDAC10 induces migration of 

VSMCs and secretion of MMPs. Additional studies using zymography could be carried out 

to measure the expression of MMP2/9 in presence or absence of HDAC10, HDAC2, and 

SOCS3. Co-localization studies and protein co-immunoprecipitation (Co-IP) are also 

needed to verify the interactions of HDAC10 with HDAC2.  

5.4 Conclusion  

HDAC10 and HDAC2 co-expression enhances PCI induced intimal hyperplasia. Inhibiting 

the expression of HDAC10 can repress the expression of HDAC2 and the downstream cell 

proliferation and migration markers such as DNMT1. HDAC10 inhibition can also induce 

the expression Sirt1 which prevents cell proliferation and migration in VSMCs. SOCS3 

transfection inhibits the HDAC10 both in vitro and in vivo. The molecular interactions 

between HDAC10 and HDAC2 are essential to induce expression of several cell 

proliferative markers and MMPs.  
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Chapter 6: Overall conclusions, Future directions and Limitations 

6.1 Overall Conclusions 

One of the mechanisms that was identified in the present study is the growth and 

development of neointimal hyperplasia by DNMT1. This major maintenance methylase in 

the proteome is a key epigenetic mediator which was identified to induce the expression of 

a known cell proliferation enhancer, Galectin-3. Several cellular events and molecular 

mediators act directly or indirectly to assist or promote proliferation, migration and 

phenotype switch in VSMCs. In the present work, initiation of important cellular events 

and induction of proteins that enhance the pathological disease state were found to be 

stimulated by the presence of cytokine TNF-α, and the growth factors IGF-1 and PDGF-

BB. The novel molecular mediators identified were found to actively participate in the 

epigenetic progression of neointimal hyperplasia. HDAC10 and HDAC2 were found to 

induce the expression of DNMT1. While inhibition of HDAC10 led to decreased 

expression of HDAC2, inhibition of HDAC2 abrogated the expression of HDAC10. Use 

of the HDAC2 inhibitor Romidepsin, and the microRNA miR-490-3p were able to silence 

the expression of HDAC10 and prevent proliferation, migration and phenotype switch in 

VSMCs. Further, SOCS3 which is a known tumor suppressor protein involved in 

maintaining cellular homeostasis, was found to intercept the activities of HDAC10 and 

HDAC2. By acting as an epigenetic regulator, SOCS3 was found to prevent VSMCs 

proliferation, migration and phenotype switch in the present study. The data presented here 

suggest novels epigenetic pathways that regulate PCI injury-induced growth of neointimal 

hyperplasia. The presented results conclude that targeting these epigenetically induced 

proteins can be a promising approach to prevent neointimal hyperplasia.   
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6.2 Limitations 

The results obtained in the present work were based on large mammal preclinical studies 

and in-vitro cell culture assays. Several additive factors such as duration of the diet and the 

age of the animals can influence the disease. Also, disease tested in-vivo is at the late stage 

where the disease is fully developed. Although epigenetic mechanisms occur in all stages 

of the disease, mechanisms that initiate the disease are always seen to be active during the 

early stages. Thus events occurring at the early stage could not be tested in the animal 

models here. However, studies using the cell culture system that can initiate epigenetic 

mechanisms at the early stage have been investigated in detail.  

Epigenetic mechanisms mediated through histone modifications and DNA methylation 

play an important role in embryo development; thus gene knockout models could not be 

developed to study these genes. Development of conditional knockout animal models using 

the Cre-Lox system can specifically knockdown the expression in VSMCs. Such models 

are needed to study the effects of epigenetic mediators such as HDAC10 or HDAC2, which 

will be vital to study their role in the development of neointimal hyperplasia and restenosis.   

Another limitation is that there is no crystal structure available for human HDAC10 

protein. Thus designing small molecular inhibitors that can specifically target HDAC10 

with high potency could not be developed until now. Development of such specific 

inhibitors for HDAC10 can be very beneficial to test the effects of HDAC10 inhibition in 

human cell lines, for in vitro analysis, and for pharmacokinetic studies. 

In the present work, western blots were repeated only once since clear differential results 

were obtained. To quantify the observed variations in gene expression levels, a more 
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reliable method of developing ELISA based quantification approaches needs to be adopted, 

or the western blots can be repeated at least three more times and the band intensities may 

be quantified.   

6.3 Future Directions 

Current literature indicates possible interactions between HDAC2 and DNMT1. HDAC10 

can also induce the expression of HDAC2 [105] [115]. However, it was not clear which 

residues on the target proteins participate in protein-protein interactions. To identify the 

possible interactions between these proteins, co-localization studies or protein co-

immunoprecipitation (Co-IP) should be carried out. Using a combination of an HDAC10 

expression vector with HDAC2 inhibitors, and an HDAC2 expression vector with 

HDAC10 inhibitor, it will be possible to determine if HDAC10 will induce the expression 

of HDAC2 in VSMCs.  

The interaction between HDAC2 and DNMT1 were predicted to be mediated through the 

non-catalytic domain. The present work shows that DNMT1 inhibitor can inhibit the 

downstream expression of PCNA, CX43, EZH2, and CCR8. Whether inhibition of these 

downstream effector molecules are regulated by DNMT1, and if so whether gene silencing 

during transcription can occur needs to be investigated. Using bisulfite sequencing to 

measure the level of DNA methylation at CpG islands of specific genes treated with 

HDAC10 and HDAC2 inhibitor would add valuable information to future studies.  

Our previous results were focused on the interactions between histone modification and 

DNA methylation in VSMCs during restenosis. It would be a logical extension to 

investigate how miRNA mechanistically affects restenosis. Our previous miRNA 
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expression profiling shows IGF-1 and TNF-α treatment in VSMCs would inhibit the 

expression of miR-145-5p to maintain the contractile phenotype in VSMCs [116]. 

Moreover, the non-specific HDACs inhibitor (TSA) and DNMT inhibitor (5AZA) showed 

increased expression of miR-145-5p in prostate cancer [117]. These reports suggests active 

role of HDACs and DNMTs in VSMCs but needs to be investigated through microarray 

studies.    

Additional studies needs to be designed to develop novel approaches that can investigate 

the epigenetic axis HDAC10-HDAC2-DNMT1 involved in inducing the expression of 

MMP2 and MMP9. Our results indicate that inhibiting the expression of HDAC10 can 

prevent the migration of VSMCs. However, we did not check the expression of MMP2 and 

MMP9 under HDAC10 knockdown system and through zymography. It was reported that 

HDAC10 inhibits cervical cancer metastasis via suppressing the expression of MMP2 and 

MMP9. On the contrary, HDAC10 inhibition can repress angiogenesis through inhibiting 

p-ERK1/2 pathway. Those paradox reports indicate that HDAC10, as an epigenetic marker, 

whose functions can be tissue-specific. Further, the present results also suggests that the 

need for tissue-specific HDAC10 inhibition in coronary artery restenosis model instead of 

causing systemic effects on all the organs due to the treatment with inhibitors. Since MMP2 

and MMP9 degrade the collagen and cause vascular remodeling [118]. It would be 

beneficial to study changes in the collagen ratios during intimal hyperplasia or vascular 

restenosis.  
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