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Abstract

Rationale: Vascular smooth muscle cells (SMCs) exhibit remarkable plasticity and can undergo 

dedifferentiation upon pathological stimuli associated with disease and interventions.

Objective: Although epigenetic changes are critical in SMC phenotype switching, a fundamental 

regulator that governs the epigenetic machineries regulating the fate of SMC phenotype has not 

been elucidated.

Methods and Results: Using SMCs, mouse models, and human atherosclerosis specimens, we 

found that focal adhesion kinase (FAK) activation elicits SMC dedifferentiation by stabilizing 

DNA methyltransferase 3A (DNMT3A). FAK in SMCs is activated in the cytoplasm upon 

serum stimulation in vitro or vessel injury and active FAK prevents DNMT3A from nuclear 

FAK-mediated degradation. However, pharmacological or genetic FAK catalytic inhibition forced 

FAK nuclear localization, which reduced DNMT3A protein via enhanced ubiquitination and 

proteasomal degradation. Reduced DNMT3A protein led to DNA hypomethylation in contractile 

gene promoters, which increased SMC contractile protein expression. RNA sequencing identified 

SMC contractile genes as a foremost upregulated group by FAK inhibition from injured femoral 

artery samples compared to vehicle group. DNMT3A knockdown in injured arteries reduced 

DNA methylation and enhanced contractile gene expression supports the notion that nuclear 

FAK-mediated DNMT3A degradation via E3 ligase TRAF6 drives differentiation of SMCs. 

Furthermore, we observed that SMCs of human atherosclerotic lesions exhibited decreased nuclear 

FAK, which was associated with increased DNMT3A levels and decreased contractile gene 

expression.

Conclusions: This study reveals that nuclear FAK induced by FAK catalytic inhibition 

specifically suppresses DNMT3A expression in injured vessels resulting in maintaining SMC 

differentiation by promoting the contractile gene expression. Thus, FAK inhibitors may provide 

a new treatment option to block SMC phenotypic switching during vascular remodeling and 

atherosclerosis.

Graphical Abstract
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INTRODUCTION

Atherosclerosis and coronary artery diseases are the major cause of death and mortality 

in developed countries. A major player in vascular pathogenesis are vascular smooth 

muscle cells (SMCs), which have the unique ability to dedifferentiate from mature 

contractile cells into highly proliferative synthetic cells, and under certain pathological 

stimuli transdifferentiate into myofibroblasts and macrophage-like cells.1–3 This phenotypic 

switching is associated with an increase in cell proliferation capacity, wound healing, 

and reduction in SMC-specific contractile gene expression via transcriptional regulation. 

Excessive proliferation of SMCs is a clinical problem that contributes to neointimal 

hyperplasia and atherosclerosis.4–6 Current treatment strategies to restore blood flow 

through atherosclerotic vessels include angioplasty procedures, stenting, or vein graft 

surgery.7–9 However, these procedures are associated with vessel injury, resulting in high 

recurrences of restenosis. Although drug-eluting stents have helped to provide local drug 

delivery, the risk of late-stent thrombosis and their limited use to larger arteries are 

still drawbacks. In addition, diabetes-associated atherosclerosis in peripheral arteries or 

transplant arteriopathies exhibit much higher rates of occlusion following intervention.10, 11 

Size and location of the affected artery still remain as major problems facing long-term 

treatments to prevent restenosis.4, 9, 12, 13 Therefore, there is a need to better understand the 

mechanism underlying SMC phenotype switching to develop better treatment options for 

vessel-narrowing diseases.

SMC contractile gene expression is regulated by various SMC-specific transcription 

factors, such as serum response factor (SRF) and myocardin, which bind CArG boxes 

(CC(A/T)6GG) in contractile gene promoters. Recent studies have also suggested that 

DNA methylation regulates SMC phenotype switching and vascular remodeling.14 DNA 

methylation is predominantly associated with gene silencing,15, 16 is catalyzed by DNA 

methyltransferases (DNMTs), and typically occurs at the 5 position of cytosine (5-mC) in 

CG dinucleotides of CpG islands. Many SMC contractile gene promoters are unmethylated 

in vivo, thus allowing SRF and myocardin to bind CArG boxes.17–19 The process that 

mediates DNA methylation in the contractile gene has not been fully elucidated in regard to 

SMC-specific gene transcription.20

There are three DNMTs that can methylate cytosine: DNMT1, DNMT3A and DNMT3B. 

DNMT1 is a key enzyme in preserving DNA methylation during DNA replication.21 On 

the other hand, DNMT3A and DNMT3B are de novo DNA methylation enzymes that 

regulate gene expression. Demethylation of 5-mC to 5-hydroxymethylcytosine (5-hmC) is 

mediated by Ten-eleven translocation (TET) enzymes. Of the three TET enzymes, TET2 

was shown to be highly expressed in SMCs, and increased expression of TET2 promotes 

SMC differentiation.22 In addition to DNA methylation, histone modifications are connected 
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to DNA methylation state and also play an important role in SMC-specific contractile gene 

transcription and SMC plasticity.23

Focal adhesion kinase (FAK) is an integrin-associated protein tyrosine kinase that promotes 

cell migration and proliferation.24 During SMC dedifferentiation, increased secretion of 

matrix and growth factors alters integrin signaling and leads to aberrant FAK activation 

promoting FAK-mediated SMC migration and proliferation.25–30 A recent study revealed 

that FAK is predominantly localized within the nuclei of SMCs in healthy arteries, and that 

wire injury induces FAK activation and cytoplasmic relocalization.31 Nuclear FAK inhibits 

SMC proliferation and hyperplasia, in part, through decreasing GATA4 and subsequent 

inhibition of GATA4-mediated cyclin D1 transcription.31 However, as GATA4 expression 

did not correlate to changes in contractile gene expression, we investigated a potential 

parallel mechanism through which nuclear FAK regulates SMC phenotypic switching.

In the present study, we investigated the molecular mechanism of how FAK regulates DNA 

methylation and SMC contractile gene expression, determining SMC’s fate during SMC 

remodeling. Using pharmacological and genetic FAK inhibition, and human atherosclerosis 

samples, we found that nuclear FAK decreases DNMT3A enzyme stability and DNA 

methylation leading to increased contractile protein expression and maintaining SMCs 

differentiated.

METHODS

Detailed Materials and Methods and the Major Resources Table can be found in the Online 

Supplement.

Data Availability.

The sequencing data in this manuscript have been deposited in the Gene Expression 

Omnibus under accession number GSE183143.

RESULTS

FAK inhibition promote SMC-specific contractile gene expression in vitro.

After a few passages in serum containing medium, aortic SMCs isolated from C57BL6 mice 

dedifferentiate and take on a synthetic hypertrophic appearance (Figure 1A). Interestingly, 

we found that pharmacological inhibition of FAK catalytic activity using a FAK inhibitor 

(FAK-I, VS-4718) reverted SMCs to an elongated spindle-like morphology (Figure 1A). 

In vivo, vehicle-treated mice showed increased neointima formation following wire injury 

with SMCs exhibiting a characteristic synthetic phenotype with smaller nuclei and larger 

cellular areas (Online Figure IA). However, FAK-I-treated mice had reduced neointima 

formation and SMCs maintained a differentiated phenotype as observed by elongated 

nuclei and a spindle-like cell morphology (Online Figure IA). While FAK-I-treated mice 

showed increased lumen area due to decreased neointimal area compared to vehicle-treated 

injured group, there was no difference in arterial perimeter or medial area between the 

two groups (Online Figure IA). As FAK-I reduced neointima formation and promoted 

a contractile morphology in SMCs, we next evaluated if FAK-I altered SMC-specific 
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contractile gene expression. As early as 1 day, FAK-I increased expression of several 

contractile proteins including MYH11, CALD1, ACTA2, CNN1, and TAGLN (Figure 

1B). FAK inhibition was verified by pY397 FAK immunoblotting (Figure 1B and Online 

Figure IIA). Analysis of contractile gene mRNA levels revealed that FAK-I promoted 

contractile gene expression through increased transcription (Figure 1C). To evaluate if FAK­

I-induced spindle like morphology in SMCs correlated with changes in contractile gene 

expression, we calculated cell aspect ratio (cell long and short axis ratio)32 using differential 

interference contrast images and TAGLN fluorescence intensity (Online Figure III). SMCs 

treated with FAK-I showed a more elongated spindle-like morphology (aspect ratio > 2) 

compared to vehicle treated (Figure 1D and Online Figure III). Next, we found that the 

fluorescence intensity of TAGLN was significantly higher in FAK-I-treated spindle-liked 

SMCs than in cuboidal-like cells (Figure 1E and Online Figure III). We further looked at 

FAK inhibition effect on SMC phenotype by performing haptotaxis and chemotaxis assays. 

FAK-I reduced SMC migration in both fibronectin Boyden chamber haptotaxis assays and 

platelet-derived growth factor (PDGF)-stimulated scratch would assays (Online Figure IV). 

As we previously demonstrated that FAK-I reduces SMC proliferation through regulation 

of GATA4 stability,33 we next tested if GATA4 levels regulated contractile gene expression. 

GATA4 knockdown or overexpression in SMCs had no effect on contractile gene expression 

(Online Figure V), indicating that FAK-I induces a contractile SMC phenotype in a GATA4­

independent manner.

To verify if these changes were specific to FAK catalytic activity, we next evaluated changes 

in SMC morphology and contractile gene expression using FAK kinase-dead (KD) SMCs.31 

FAK-KD SMCs demonstrated a more spindle-like morphology compared to FAK wild-type 

(WT) both in vitro and in injured vessels in vivo (Figure 1F and Online Figure IB). 

SMC-specific FAK-KD mice showed reduced neointimal hyperplasia and also maintained 

a differentiated SMC morphology upon vessel injury unlike FAK-WT mice (Online Figure 

IB). FAK-KD SMCs also exhibited increased expression of contractile genes compared to 

FAK-WT (Figure 1G and H, Online Figure IIB). To determine if increased contractile gene 

expression observed in FAK-KD SMCs resulted in increased contractility, we performed a 

collagen gel contraction assay. FAK-KD SMCs showed a higher level of contraction ability 

in collagen gel compared to FAK-WT (Online Figure VI), suggesting that FAK activity 

promotes a dedifferentiated SMC phenotype which can be reversed by inhibition of FAK 

catalytic activity.

FAK activity regulates SMC contraction-related pathway upon vessel injury.

To further characterize the role of FAK activity in alterations to the transcriptional landscape 

during SMC phenotypic switching, we performed whole transcriptome RNA-Seq analysis 

with mouse femoral artery samples following wire injury with or without FAK-I. The 

differentially expressed genes (DEGs) between experimental groups with Log2 fold change 

higher than 1 or lower than −1, and adjusted P value (FDR) less than 0.05 were analyzed 

(Supplemental Table I and II). Overall, there were 3539 DEGs between vehicle-sham 

and vehicle-injured groups, with 2510 genes upregulated and 1029 genes downregulated 

(Figure 1I and Supplemental Table I). Comparing vehicle-injured and FAK-I-injured groups, 

3546 DEGs were identified with 1357 genes upregulated and 2198 genes down regulated 
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(Figure 1J and Supplemental Table II). KEGG pathway analysis identified upregulation 

of cytokine-cytokine receptor interaction and cell adhesion molecules in vehicle-injured 

compared to vehicle-sham mice (Online Figure VIIA). We also found that vascular smooth 

muscle contraction and focal adhesion pathways were downregulated following injury 

(Online Figure VIIA). Conversely, FAK-I-treated injured arteries showed upregulation 

of vascular smooth muscle contraction and ECM-receptor interaction pathways, but 

downregulation of cytokine-cytokine receptor interaction and chemokine signaling pathway 

compared to vehicle-injured (Online Figure VIIB). Vehicle-injured mice showed significant 

downregulation of SMC-specific contractile genes, such as Myh11, Acta2, Cald1, Cnn1, and 

Tagln, compared to vehicle-sham mice (Figure 1I and Online Figure VIIC). In contrast, 

FAK-I treated mice showed significant enrichment of SMC-specific contractile genes 

compared to vehicle-injured mice (Figure 1J and Online Figure VIID). As SMCs have 

been shown to transdifferentiate and express markers over other cell types, we looked at 

changes in different lineage markers following wire injury and FAK inhibition. While wire 

injury increased expression of mesenchymal stem cell (Ly6a/Sca1), macrophage (Lgal3), 

and chondrocyte (Sox9) lineage markers compared to sham controls, FAK-I treatment had 

similar levels to sham control (Online Figure VIIE). Wire injury also increased expression 

of the genes associated with a synthetic phenotype including Mmp2, Mmp14, Mmp13, 
Spp1, and Col1a1 in vehicle, but not FAK-I treated femoral arteries (Online Figure VIIC 

and D). Interestingly, we found that the expression level of contractile genes in FAK-I 

treated arteries was restored to that of sham control (Online Figure VIII). Together, these 

results establish a role for FAK activity in promoting SMC dedifferentiation into a synthetic 

phenotype during vascular remodeling.

FAK inhibition reduces DNMT3A expression and causes DNA hypomethylation in SMCs.

During SMC phenotypic switching, several genes including contractile genes are regulated 

transcriptionally via epigenetic mechanisms.34, 35 One of the best-studied epigenetic 

models in SMC phenotypic switching is increased DNA methylation, which is linked to 

promoter silencing of contractile genes.36 Since both genetic and pharmacological FAK 

inhibition increased SMC contractile genes at a transcriptional level, we next investigated 

if FAK inhibition altered DNA methylation. Dot blotting of SMC genomic DNA (gDNA) 

for 5-methylcytosine (5-mC) demonstrated that both pharmacological and genetic FAK 

inhibition decreased 5-mC levels (Figure 2A), which was associated with activation of 

gene transcription. Changes in 5-mC levels were further verified using immunofluorescence. 

While vehicle-treated SMCs showed high levels of 5-mC, FAK-I treated cells showed 

decreased 5-mC (Figure 2B and Online Figure IX). As FAK inhibition altered global 

5-mC levels in SMCs, we tested if FAK-I treatment decreased 5-mC levels within the 

promoters of SMC contractile genes. We used standard bisulfite sequencing to evaluate 

changes in methylation status of CpG sites surrounding CArG box regions of Tagln and 

Myh11 promoters in SMCs (Figure 2C and Online Figure X).36 Analysis of nine bisulfite 

sequencing clones of Tagln and Myh11 promoters showed that both pharmacological and 

genetic FAK inhibition significantly decreased the percentage of methylated CpG sites 

(Figure 2C and Online Figure X). These data suggest that FAK inhibition promotes 

contractile gene expression through decreased methylation within contractile gene promoters 

in SMCs.
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As 5-mC is catalyzed by DNA methyltransferases (DNMTs), we tested if FAK inhibition 

reduced expression of DNMTs. Of three DNMTs known to methylate cytosine at CpG 

sites, FAK inhibition specifically reduced DNMT3A, but not DNMT1 or DNMT3B 

expression (Figure 2D and Online Figure IIA). Consistent with pharmacological FAK 

inhibition, FAK-KD SMCs had decreased DNMT3A expression compared to FAK-WT 

(Figure 2E and Online Figure IIB). Although FAK-I decreased DNMT3A expression, 

neither pharmacological nor genetic FAK inhibition altered mRNA expression of Dnmt3a, 
Dnmt3b, or Dnmt1 (Figure 2F and 2G). Together, these data suggest that FAK inhibition 

may decrease DNMT3A expression through a post-transcriptional mechanism, resulting in 

decreased DNA methylation and increased contractile gene expression.

DNMT3A and 5-mC levels are increased in human atherosclerotic lesions.

As silencing of SMC contractile genes has been shown to occur in vascular diseases 

including atherosclerosis, we next evaluated if there was any correlation between DNMT3A 

expression and disease state in human specimen. Immunostaining of healthy brachiocephalic 

arteries (BCAs), renal arteries, and the aortic arch showed low DNMT3A levels (Figure 2H 

and Online Figure X). However, DNMT3A expression was increased within atherosclerotic 

lesions of these arteries (Figure 2H and Online Figure XI), suggesting that DNMT3A 

may play a role in atherosclerosis disease progression. Staining for 5-mC also revealed 

increased DNA methylation with in human atherosclerotic lesions, and this was associated 

with decreased expression of ACTA2 (Figure 2H and 3A, Online Figure XI and XII). 

Interestingly, we observed abundant DNMT3B and DNMT1 in both healthy and diseased 

BCAs (Online Figure XIII), indicating that DNMT3A may play a critical role in SMCs 

during atherosclerosis progression. We next analyzed expression of DNMT in different 

human atherosclerosis cohort studies. Comparison of the gene signature between non­

atherosclerotic arterial wall and the atherosclerotic arterial wall from the Stockholm 

Atherosclerosis Gene Expression study37 revealed no significant difference in DNMT3A 
and DNMT3B, and increased expression of DNMT1 in atherosclerotic compared to normal 

vessels (Online Figure XIVA). A similar observation was obtained when we analyzed 

the data from comparing severe plaque (Stage IV-V) to adjacent areas with early disease 

with no macroscopic disease (Stage I-II) from the human carotid endarterectomy sample 

data38(Online Figure XIV). Together, these data suggest DNMT3A protein stability may 

be increased in atherosclerotic plaques, which increases DNA methylation and silences 

contractile gene expression.

FAK activation and nuclear localization regulates DNMT3A expression.

We have shown that FAK catalytic inhibition triggers FAK nuclear localization and 

influences the stability of several nuclear factors by direct interaction.31, 39, 40 Indeed, 

immunostaining demonstrated that in vehicle-treated SMCs, FAK is mainly localized in the 

cytosol with high levels of DNMT3A in the nucleus (Figure 3B and Online Figure XV). 

Upon FAK-I treatment, decreased active pY397 FAK was associated with increased FAK 

nuclear localization and loss of DNMT3A, but not DNMT3B expression (Figure 3B and 

Online Figure XV and XVI), matching what we saw from immunoblotting (Figure 2D). 

As DNMT3A is a nuclear protein and FAK inhibition promotes FAK nuclear localization, 

we next examined whether FAK nuclear localization was required for FAK-I-mediated 
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loss of DNMT3A in SMCs. To address this question, we stably expressed FLAG-tagged 

FAK-WT (FLAG-FAK-WT) and FAK nonnuclear-localizing mutant (NLM) in FAK−/− 

SMCs (Figure 3C and Online Figure XVII).31 FAK-I reduced DNMT3A levels in FLAG­

FAK-WT SMCs and increased the expression of various SMC contractile proteins (Figure 

3C and Online Figure XVII). However, FAK-I failed to reduce DNMT3A levels and 

increase contractile gene expression in FLAG-FAK-NLM SMCs (Figure 3C and Online 

Figure XVII), suggesting that FAK nuclear localization to promote SMC differentiation. 

As we previously reported that vascular injury promotes FAK activation and cytoplasmic 

localization in mouse femoral arteries,33 we next examined changes in FAK activity 

and localization in healthy and diseased human specimen. We observed that FAK is 

mainly in the nucleus and inactive within SMCs of healthy BCAs, renal arteries, and 

aortic arches (Figure 3D and Online Figure XVIII and XIX). However, FAK showed 

increased activity and cytoplasmic localization within atherosclerotic lesions (Figure 3D 

and Online Figure XVIII and XIX). The increased DNMT3A protein expression we 

observed in atherosclerotic lesions could be due to increased FAK cytoplasmic localization 

(Figure 2H and Online Figure XI and XIX), thus promoting SMC dedifferentiation during 

atherosclerosis progression. To further evaluate a connection between FAK and DNMT3A 

in human SMCs, we treated human coronary artery SMCs (hCASMCs) with FAK-I. Similar 

to mouse SMCs, FAK-I reduced DNMT3A, but not DNMT1 or DNMT3B, and elevated 

contractile gene expression in hCASMCs (Figure 3E and Online Figure XX). To get a 

better insight into potential mechanisms that promote FAK cytoplasmic localization and 

activation in SMCs during vascular disease, we investigated integrin and extracellular matrix 

signaling and their effect on FAK. As increased extracellular matrix (ECM) production and 

degradation plays a key role in SMC proliferation and migration in vascular disease and 

FAK is closely linked to integrin-ECM signaling, we evaluated the effect different ECM 

components had on FAK activation. SMCs plated onto plastic, poly-L-lysine, and laminin 

showed weak FAK activation after 1 h of adhesion (Online Figure XXI). However, FAK 

showed increased activation in SMCs attached to gelatin, collagen I, and fibronectin (Online 

Figure XXI). In addition, increased FAK activation was associated with elevated DNMT3A 

expression (Online Figure XXI). These observations indicate that integrin-ECM signaling 

associated with vascular disease promotes FAK activation and cytoplasmic retention, leading 

to increased DNMT3A expression in SMCs.

FAK interaction with DNMT3A and TRAF6 promotes specific DNMT3A turnover via 
ubiquitination.

To decipher how FAK regulates DNMT3A, but not DNMT3B or DNMT1, we performed 

endogenous FAK-DNMT interaction studies in SMCs. While FAK immunoprecipitation 

(IP) upon FAK-I treatment increased FAK-DNMT3A association (Figure 4A and Online 

Figure XXIIA), and this association was further increased when SMCs were treated with 

the proteasomal inhibitor MG132 in addition to FAK-I (Figure 4A). However, DNMT3B 

and DNMT1 failed to associate with FAK under these conditions (Figure 4A), suggesting 

that FAK specially associates with DNMT3A. Immunoblotting of DNMT3A IP in SMCs 

showed that FAK-I increased ubiquitination of DNMT3A, which was further enhanced by 

MG132 co-treatment (Figure 4B and Online Figure XXIIA). To confirm the observation 

that FAK inhibition decreased DNMT3A protein stability, SMCs were treated with a protein 
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synthesis inhibitor cycloheximide (CHX). While CHX slowly reduced protein expression of 

DNMT3A, co-treatment with FAK-I accelerated turnover of DNMT3A, but not DNMT3B 

or DNMT1 (Figure 4C and Online Figure XXIIB). We further verified FAK-I-mediated 

post-translational regulation of DNMT3A protein stability using actinomycin D (ActD), 

a transcriptional inhibitor. While ActD treatment alone failed to reduce DNMT3A levels, 

FAK-I still decreased DNMT3A protein expression in the presence of ActD (Online Figure 

XXIIC). DNMT3B or DNMT1 levels remained unchanged under cotreatment of ActD and 

FAK-I (Online Figure XXIIC), suggesting that FAK specifically regulates DNMT3A. As 

nuclear FAK has been shown to act as a scaffold that promotes protein degradation by 

recruiting a target protein and its E3 ligases (e.g., p53 and Mdm-2, GATA4 and CHIP),39, 40 

we screened for a potential E3 ligase for FAK-mediated DNMT3A ubiquitination and 

degradation. Based on known E3 ligases for DNMT3A, we focused on the E3 ligases 

TRAF6, UHRF1, and UHRF2.41, 42 We found that overexpression of Myc-TRAF6, but 

not HA-UHRF1 and HA-UHRF2, significantly reduced DNMT3A expression in 293T 

cells (Online Figure XXIIIA). Thus, we further tested whether TRAF6 might be the E3 

ligase that mediates DNMT3A ubiquitination via nuclear FAK in SMCs. Immunoblotting 

of endogenous FAK IP revealed that TRAF6, DNMT3A, and FAK form a ternary complex 

only upon FAK inhibition, and this association was further increased by MG132 (Figure 

4D and Online Figure XXIIA). Although both DNMT3A and DNMT3B contain highly 

conserved amino acid sequences in their PWWP domains, ADD (cysteine-rich) domains, 

and carboxyl-terminal catalytic domains (Online Figure XXIIIB), the homology between 

the two proteins at the N-terminal variable region is only 28%.43, 44 As DNMT3A contains 

a unique 70 amino acid N-terminal domain not present in DNMT3B, we predicted that 

FAK associates with this unique N-terminal region (Online Figure XXIIIB). To determine 

whether the DNMT3A N-terminal domain associates with FAK, we overexpressed Myc­

tagged DNMT3A full-length (WT), N-term (1–70), or N-term deletion constructs (ΔN-term, 

71–912) (Figure 4E and Online Figure XXIIIB). As expected, the 70 amino acid N-term 

of DNMT3A was critical for FAK-DNMT3A association (Figure 4E and Online Figure 

XXIIIC).

As nuclear FAK appears to regulate DNMT3A protein stability, we treated mice with 

MG132 to investigate FAK-DNMT3A association in vivo. Mice were treated with MG132 

(0.3 mg/kg) at 24, 6, and 1 h prior to euthanasia. Whole aortas were then lysed subjected 

to FAK IP. Immunoblotting of aorta lysates revealed that MG132 treatment increased 

DNMT3A levels but had no effect on DNMT1 and DNMT3B (Figure 4F and Online Figure 

XXIC). Further, DNMT3A was only detected in FAK IP from mice treated with MG132 

(Figure 4F and Online Figure XXIIIC). However, we failed to detect DNMT1 and DNMT3B 

association with FAK under any condition, further supporting that nuclear FAK specifically 

regulates DNMT3A.

Both DNMT3A and DNMT3B can mediate de novo DNA methylation. However, we 

observed nuclear FAK affected only DNMT3A expression. To determine the importance 

of either DNMT3A or DNMT3B expression in SMC contractile protein expression, we 

evaluated the effect of DNMT3A and DNMT3B knockdown by lentiviral shRNA in SMCs. 

While loss of DNMT3A was associated with increased expression of SMC contractile 

genes in cultured SMCs, DNMT3B did not affect contractile gene expression (Figure 4G 

Jeong et al. Page 9

Circ Res. Author manuscript; available in PMC 2022 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Online Figure XXIV). There were no significant differences in pY397 FAK levels in 

both DNMT3A and 3B shRNA expressing cells (Figure 4G and Online Figure XXIV), 

confirming that only DNMT3A expression is responsible for contractile gene expression. 

Interestingly, we observed that knockdown of DNMT3A by lentiviral shRNA reduced 

SMCs proliferation (Online Figure XXV). These data suggest that nuclear FAK promotes 

DNA hypomethylation by specifically reducing DNMT3A stability via ubiquitination and 

proteasomal degradation, thus increasing SMC contractile gene expression and SMC 

differentiation.

Vascular injury upregulates DNMT3A expression leading to phenotypic switching in vivo.

To understand the effect of FAK activity on DNMT3A expression in SMC phenotype 

switching in vivo, we performed femoral arterial wire injury in mice. Vessel injury caused 

neointimal hyperplasia in control mice, but not in FAK-I treated mice (Online Figure 

IA). We found that DNMT3A expression was not observed in uninjured arteries but was 

increased in injured arteries, particularly within the neointima area (Figure 5 and Online 

Figure XXVI and XXVII). Elevated DNMT3A levels were associated with increased 

cytoplasmic active pY397 FAK (Figure 5 and Online Figure XXVI and XXVII). However, 

in FAK-I treated mice, FAK remained inactive and in the nucleus, with a significant 

decrease in DNMT3A expression compared to vehicle-treated mice (Figure 5 and Online 

Figure XXVI and XXVII). Upregulation of DNMT3A expression following wire injury 

was associated with increased 5-mC staining compared to sham controls (Figure 5 and 

Online Figure XXVI and XXVII). However, FAK-I treated mice showed very little 5-mC 

staining compared to vehicle (Figure 5 and Online Figure XXVI and XXVII), consistent 

with our in vitro data (Figure 2). Although DNMT3A protein was increased in control after 

vascular injury and reduced upon FAK inhibition, there was no significant difference in 

Dnmt3a, Dnmt3b, and Dnmt1 mRNA expression in artery samples following wire injury in 

all conditions (Online Figure XXVIIIA and B). From analysis of hit counts from RNA-seq 

data, we noted that DNMT3A levels appear to be much higher than DNMT3B in mouse 

arteries (Online Figure XXVIIIC), suggesting that DNMT3A may be a major de novo DNA 

methylation enzyme in SMCs during vascular remodeling.

SMC-specific FAK-KD prevent vessel injury-induced DNMT3A upregulation.

As FAK-I can affect FAK activity in multiple cell types in vivo, we assessed if SMC-specific 

FAK activity is responsible for DNMT3A expression in SMCs. Similar to FAK-I treated 

mice, wire injury using SMC-specific FAK-WT and FAK-KD mice31 significantly prevented 

neointima formation in SMC-specific FAK-KD mice (Online Figure IB). In sham controls, 

we observed low levels of DNMT3A in both FAK-WT and -KD mice with abundant nuclear 

FAK (Figure 6 and Online Figure XXIX and XXV). Wire injury increased DNMT3A 

expression in FAK-WT mice, where it was correlated with high levels of active pY397 FAK 

in the cytoplasm. However, wire injury did not increase DNMT3A expression in FAK-KD 

mice, where FAK was inactive and retained in the nucleus (Figure 6 and Online Figure 

XXIX and XXV). We did not observe any differences in DNMT3B levels between FAK-WT 

and FAK-KD mice in both sham control and injured groups (Figure 6 and Online Figure 

XXIX and XXV). Additionally, FAK-KD mice failed to show increased 5-mC staining 

following wire injury (Figure 6 and Online Figure XXIX and XXV). These results support 
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the notion that SMC phenotypic switching during vascular injury requires FAK activation 

and cytoplasmic localization to promote DNMT3A expression.

Upregulated DNMT3A upon wire injury reduced contractile gene expression via increased 
5-mC levels and decreased active histone mark.

To gain more comprehensive insights into DNMT3A expression in SMC contractile gene 

expression during vascular remodeling, we performed immunoblots with artery lysates 

from 2 weeks postinjury. Wire injury increased both active pY397 FAK and DNMT3A 

expression, but there were no significant differences in DNMT1 and DNMT3B levels 

(Figure 7A and Online Figure XXXIA). Mice treated with FAK-I did not increase DNMT3A 

following wire injury, and this was associated with maintaining normal levels of SMC 

contractile proteins compared to sham controls (Figure 7A and Online Figure XXXIA). 

To verify that these changes were specific to FAK activity in SMCs, we next examined 

changes in DNMT3A and SMC contractile genes in FAK-WT and FAK-KD mice. Similar 

to FAK-I experiments, FAK-KD mice showed no significant difference in DNMT3A, 

pY397 FAK, SMC contractile genes following wire injury (Figure 7B and Online Figure 

XXXIB). Meanwhile, FAK-WT mice showed elevated DNMT3A and pY397 FAK, which 

was accompanied by decreased SMC contractile gene expression (Figure 7B and Online 

Figure XXXIB). As FAK inhibition following wire injury maintained the low DNMT3A 

expression observed in normal artery, we further investigated if these results were consistent 

with changes in DNA methylation using genomic DNA isolated from femoral arteries of 2 

weeks postinjury. Wire injury significantly increased the levels of 5-mC when compared to 

sham controls (Figure 7C). However, FAK-I treatment reduced wire injury-induced 5-mC 

levels compared to vehicle-treated mice (Figure 7C).

In addition to DNA methylation, histone modifications have been reported to regulate 

SMC cell phenotype and contractile gene expression. There is now emerging evidence that 

DNA modification eventually affects the acetylation/methylation states on accompanying 

histones in chromatin by recruiting histone modifying machineries.45, 46 To evaluate 

whether FAK inhibition alters histone modifications in cultured SMCs, we performed 

chromatin immunoprecipitation (ChIP) assays with several antibodies specific to histone 

modifications. FAK inhibition increased active histone marks including H4 acetylation 

(H4ac) and H3K27ac surrounding the CArG-boxes of Myh11, Tagln, and Acta2 promoters 

of SMCs (Figure 7D and Online Figure XXXIIA), which correlated with increased 

contractile protein expression (Figure 1). Additionally, FAK-I reduced inhibitory H3K9 

trimethylation (H3K9me3) within these promoters (Figure 7D). Total H3 and H4 content 

were revealed no significant difference by FAK-I within SMC CArG boxes (Online Figure 

XXXIIB). Importantly, FAK inhibition increased binding of SRF, a key transcription factor 

for contractile gene expression, to the CArG boxes of SMC contractile genes (Figure 

7D). Taken together, our data demonstrate that nuclear FAK induced by FAK inhibition 

promotes SMC differentiation by reducing DNA methylation and increasing active histone 

modifications, resulting in increased SMC contractile gene expression through enhanced 

SRF binding.
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DNMT3A knockdown blocks wire injury-induced neointimal hyperplasia and maintains 
SMC contractile gene expression.

To explore the role of DNMT3A expression in neointima formation and contractile gene 

expression in vivo, we knocked down DNMT3A using shRNA (shDNMT3A) in femoral 

artery. Lentivirus encoding mCherry and DNMT3A or scramble control (shScr) were 

mixed with Pluronic F-127 and pasted to the outside of femoral arteries immediately 

following surgery. Arteries were collected 2 weeks post injury and analyzed. Neointimal 

hyperplasia was significantly decreased in shDNMT3A mice compared to shScr (Online 

Figure XXXIIIA). Lentiviral delivery was verified through mCherry expression within 

femoral arteries (Figure 8) and DNMT3A mRNA expression (Online Figure XXXIIIB). 

DNMT3A knockdown blocked wire injury-induced upregulation of DNMT3A, but there 

was no significant difference DNMT3B in all conditions (Figure 8 and Online Figure 

XXXIV and XXXV). Additionally, DNMT3A knockdown blocked wire injury-induced 

increases in 5-mC levels (Online Figure XXXIIIC and XXXVI). Even though shDNMT3A 

reduced neointimal hyperplasia, wire injury still increased FAK cytoplasmic localization and 

activation (Online Figure XXXVI), further supporting the notion that increased DNMT3A 

stability following wire injury is critical for neointimal hyperplasia formation.

We further evaluated the effect of DNMT3A knockdown in vivo on SMC contractile 

gene expression. By performing whole transcriptome RNA-Seq analysis of shDNMT3A 

expressing femoral artery samples upon injury, we found that a total of 4323 DEGs 

were identified in shDNMT3A samples, with 1661 being upregulated and 2662 being 

downregulated compared to injured controls (Supplemental Table III). KEGG pathway 

analysis showed that vascular smooth muscle contraction was one of the top upregulated 

pathways by shDNMT3A (Online Figure XXXIIID). Conversely, cytokine and chemokine 

signaling, and cell adhesion molecule pathways were among the top downregulated 

pathways in shDNMT3A arteries (Online Figure XXXIIID). Several SMC-specific 

contractile genes including Myh11, Acta2, Cald1, Cnn1, and Tagln were upregulated in 

shDNMT3A arteries compared to injured controls (Online Figure XXXIIIE). These findings 

support the notion that increased DNMT3A expression following vascular injury is required 

for increased DNA methylation and suppression of SMC-specific contractile genes.

DISCUSSION

In this study, we demonstrated that the nuclear FAK-DNMT3A axis regulates SMC 

phenotypic switching and determines SMC’s fate to differentiate or dedifferentiate. It 

appears that in healthy mouse arteries, FAK naturally resides within the nucleus of 

SMCs to maintain a differentiated state by destabilizing DNMT3A protein and keeping 

DNA methylation low. In injured arteries, increased active cytoplasmic FAK and DNA 

methylation, results in SMC dedifferentiation. Of clinical importance, forced nuclear 

localization of FAK induced by pharmacological FAK catalytic inhibition or genetic 

FAK kinase-dead mutant during vessel injury promoted SMC differentiation by reducing 

DNMT3A expression and DNA methylation, which increased SMC contractile gene 

expression. Our RNA-Seq data further demonstrated that genes primarily associated with 

SMC contraction were downregulated and inflammation-associated genes were upregulated 
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following wire injury but were blocked by FAK-I treatment. Importantly, we observed 

similar patterns in DNMT3A expression and FAK activation and localization within SMCs 

of both healthy and atherosclerotic human arteries. These data show that the paradigm of 

FAK activation and localization and DNMT3A expression may be evolutionarily conserved 

between mice and humans, and that forcing FAK back to the nucleus could prove beneficial 

in treating various vascular remodeling-associated disease in humans.

The study also established the role of FAK activation in the cytoplasm in promoting 

SMC dedifferentiation and synthetic phenotypes during vascular remodeling via modulating 

DNA methylation through DNMT3A. Interestingly, vascular injury upregulated only 

DNMT3A protein, but not DNMT3B or DNMT1. Although DNMTs are structurally similar, 

endogenous IP demonstrated that nuclear FAK interacted only with DNMT3A, but not 

DNMT3B or DNTM1, to promote its ubiquitination and proteasomal degradation via E3 

ligase TRAF6. Additionally, using FAK nonnuclear localizing mutant (FAK-NLM), we 

demonstrated that FAK nuclear localization is required to promote SMC differentiation 

following FAK-I treatment. This revealed that FAK inhibition promotes SMC differentiation 

through regulation of DNMT3A stability by increased FAK nuclear localization, but not 

through inhibition of FAK cytoplasmic signaling.

Further, knockdown of the de novo DNA methyltransferases DNMT3A and DNMT3B 

revealed that DNMT3A, but not DNMT3B, is responsible for silencing SMC contractile 

genes. This could either be simply because DNMT3B expression levels are very low 

compared to that of DNMT3A in SMCs, or DNMT3A and DNMT3B may have differential 

regulation for various gene promoters (e.g., contractile gene promoters) which is currently 

not known. The study found the new mechanism that lowering DNMT3A specifically 

by nuclear FAK decrease DNA methylation to enhance gene expression related to SMC 

differentiation.

FAK inhibition not only reduced 5-mC levels, but also promoted an active chromatin 

environment as observed by elevated active histone marks (H4ac, H3K27ac) within 

contractile gene promoters to drive SMC differentiation. Active SMC contractile genes were 

further verified by enhanced binding of SRF, a transcription factor critical for contractile 

gene expression. Further characterization of alterations on the histone landscape by FAK 

inhibition still needs to be done and may identify a new molecular mechanism regulating 

SMC phenotype switching by FAK.

Finding a new therapy that halts SMC dedifferentiation and forces a contractile 

phenotype could prove promising in the treatment of occlusive vascular diseases. Several 

cardiovascular diseases associated with atherosclerosis, such as myocardial infarction and 

stroke, result from rupture of unstable plaques. It is thought that stabilization of plaques 

through thickening of the fibrous cap with contractile SMCs could prove beneficial 

in reducing myocardial infarctions and strokes. Our study has demonstrated that FAK 

activity is elevated in human atherosclerosis specimen and that FAK-I could force 

SMC differentiation in vitro and in mice. Although blocking SMC dedifferentiation in 

atherosclerosis would be beneficial to reduce intimal thickening, FAK inhibitors also affect 

SMC proliferation and migration, which may reduce SMC investment into the cap region 
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and could adversely affect the formation of a proper fibrous cap. Further studies evaluating 

the effect of FAK on SMC function in atherosclerosis will be needed. However, our study 

does demonstrate that FAK inhibitors could prove to be a potential therapeutic option 

to block restenosis following percutaneous transluminal angioplasty procedures. While 

advances in drug coated balloons and stents have increased patency following intervention, 

they still have their limitations.47–49 A lot of these limitations have been observed when 

treating peripheral artery disease. Due to the mechanical nature of the leg, stents can 

become cracked, promote artery kinking, and result in pseudoaneurysms.50–52 As such, 

a systemically deliverable drug that can block SMC restenosis following percutaneous 

transluminal angioplasty could prove significantly beneficial to patients.

In conclusion, nuclear FAK appears to be a fundamental regulator of SMC differentiation 

by regulating master enzymes in DNA methylation and increased cytoplasmic localization 

of FAK allows SMCs to undergo phenotypic switching. SMC phenotypic switching is a key 

phenomenon underlying several vessel narrowing diseases such as atherosclerosis. While 

interventional therapies can reopen vessels following occlusion during atherosclerosis, they 

often result in restenosis. The changes in FAK subcellular localization in healthy and 

diseased arteries from both mice and human further support the notion that forced FAK 

nuclear localization through pharmacological FAK inhibitors could prove beneficial in 

blocking vascular remodeling.
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DNMT DNA methyltransferase

FAK focal adhesion kinase

FAK-I FAK inhibitor

gDNA genomic DNA
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hCASMC human coronary artery smooth muscle cell

KD kinase-dead

MYH11 myosin heavy chain 11

NLM nonnuclear localizing mutant

pY397 autophosphorylation at tyrosine 397

RT-qPCR real-time quantitative polymerized chain reaction

shRNA short hairpin RNA

SMC smooth muscle cell

TAGLN transgelin, smooth muscle protein 22 a

TRAF6 TNF receptor associated factor 6

WT wild-type
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NOVELTY AND SIGNIFICANCE

What is Known?

• Smooth muscle cell (SMC) dedifferentiation promotes SMC proliferation and 

reduces contractile gene expression.

• Focal adhesion kinase (FAK) catalytic inhibition reduces SMC proliferation 

in part via the GATA4-cyclin D axis.

• While FAK is inactive in the nucleus of SMCs in healthy vessels, FAK is 

active in the cytoplasm in injured vessels.

What New Information Does This Article Contribute?

• FAK catalytic inhibition reduces DNA methylation of contractile gene 

promoters in SMCs and maintains differentiated status of SMCs.

• Nuclear FAK specifically suppresses DNA methyltransferase 3A (DNMT3A) 

protein stability by promoting DNMT3A ubiquitination.

• Of clinical importance, the role of FAK/DNMT3A regulation of SMC 

phenotypic switching is correlated with human atherosclerosis specimens.

Although epigenetic changes are critical in SMC phenotypic switching, the fundamental 

epigenetic machinery regulating the fate of SMC phenotype has not been elucidated. 

We report the molecular mechanism of how FAK regulates DNA methylation and 

SMC contractile gene expression, determining SMC’s fate during SMC remodeling. We 

found that DNMT3A, but not DNMT3B, is responsible for silencing SMC contractile 

genes during vascular remodeling. FAK inhibition forced FAK nuclear localization 

which mediated DNMT3A ubiquitination and proteasomal degradation via E3 ligase 

TRAF6. RNA sequencing identified SMC contractile genes as one of most significantly 

upregulated groups by FAK inhibition from injured artery samples compared to vehicle 

group. Importantly, we observed similar patterns in DNMT3A expression and FAK 

activation and localization within SMCs of both healthy and atherosclerotic human 

arteries. These data suggest that FAK activation and localization and DNMT3A 

expression are evolutionarily conserved between mice and humans. Overall, this study 

has significant translational value for the use FAK inhibitors of to block SMC phenotypic 

switching during vascular remodeling and atherosclerosis.

Jeong et al. Page 19

Circ Res. Author manuscript; available in PMC 2022 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. FAK inhibition alters SMC morphology and promotes SMC specific contractile gene 
expression.
(A-E) FAK-I (VS-4718, 2.5 μM) was treated in SMCs for 2 days. (A) FAK catalytic 

inhibition in SMCs changes the cell morphology. Percent of spindle-like cells from 

total cells (arrows) were numerated from three independent fields (n=3). (B) Shown are 

representative immunoblots of lysates of SMCs treated with or without FAK-I for active 

FAK (pY397 FAK), total FAK, MYH11, CALD1, ACTA2, CNN1, TAGLN, and GAPDH 

as loading control. Relative intensity for blots were indicated relative to GAPDH (n=3). 

(C) mRNA levels of SMC contractile genes were measured after FAK-I treatment (n=6). 

(D) Analysis of cell aspect ratio (cell long/short axis ratio) of SMCs after FAK-I treatment 

(n=40). (E) Fluorescence intensity of TAGLN staining in SMCs with cell aspect ratio 

below or above 2 (n=46 vehicle and n=44 FAK-I). (F-H) Isolated FAK-/WT (FAK-WT) and 

FAK-/KD (FAK-KD) SMCs. (F) Percent of spindle-like cells from total cells (arrows) were 

plotted (n=3). (G) Shown are representative immunoblots of lysates of FAK-WT or FAK­

KD SMCs for active FAK (pY397 FAK), total FAK, MYH11, ACTA2, CNN1, TAGLN, and 

GAPDH as loading control. Relative intensity for blots were indicated relative to GAPDH 

(n=3). (H) mRNA of SMC contractile genes was measured from FAK-WT or FAK-KD 

SMCs (n=4). (I and J) Mice were treated with vehicle or FAK-I (VS-4718, 50 mg/kg) twice 

daily orally following wire injury for 2 weeks. RNA sequencing data from femoral artery 

RNA samples were analyzed. Volcano plots of transcriptome profiles sham vs. injured (n=3) 

and injured vs. injured+FAK-I (n=3) were plotted. Blue dots represent genes significantly 

upregulated and downregulated (adjusted P value<0.05). Red dots: SMC-specific contractile 

genes. Gray dots: genes with no significant changes. Data are mean±SEM. P values were 
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determined using t-test (A, C, D, F, and H), 2-way ANOVA with Bonferroni multiple 

comparisons test (E; P values adjusted for 6 comparisons).
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Figure 2. FAK inhibition in SMCs causes DNA hypomethylation through reduced DNMT3A 
expression.
SMCs were treated with FAK-I (VS-4718, 2.5 mM). (A) Dot blots for 5-mC using genomic 

DNA (gDNA) from SMCs treated with/without FAK-I for 2 days (top) or FAK-WT and 

-KD SMCs (bottom). Methylene blue (MB) staining was used to visualize total DNA 

loading (n=4). (B) SMCs were treated with FAK-I for 24 h. Immunofluorescence staining 

for 5-mC is shown (n=4). The images on the right show magnifications of the areas framed 

in the merge. DAPI was used for nuclei staining. Scale bars, 20 μm. (C) CpG methylation 
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of Tagln (top) and Myh11 (bottom) promoters was evaluated by bisulfite sequencing of 

gDNA isolated from SMCs treated with/without FAK-I for 2 days or FAK-WT and -KD 

SMCs. Black circles: methylated CpGs. Empty circles: unmethylated CpG (n=9). Shown 

are representative immunoblots of (D) SMCs with/without FAK-I or (E) FAK-WT and 

FAK-KD lysates for active FAK (pY397 FAK), total FAK, DNMT3A, DNMT3B, DNMT1, 

and GAPDH or actin as loading control. Relative intensity for blots were indicated relative 

to GAPDH or actin (n=3). (F and G) DNMT mRNA levels were measured from SMCs 

with/without FAK-I treatment for 2 days, or FAK-WT and -KD SMCs using RT-qPCR 

(n=3). (H) Human brachiocephalic arteries were excised postmortem, and frozen sections 

were made for immunostaining. Representative immunostainings for DNMT3A, ACTA2, 

and DAPI are shown (n=5). Merge: Green, red, and DAPI (blue). Uncropped images are 

shown in Online Figure XA Scale bars: 20 μm. Data are mean±SEM.
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Figure 3. Nuclear FAK regulates DNMT3A levels and induces SMC contractile gene expression.
(A) Human brachiocephalic arteries were excised postmortem, and frozen sections were 

made for immunostaining. Representative immunostaining for 5-mC, ACTA2, and DAPI 

(n=5). Uncropped images are shown in Online Figure XIA. Scale bars: 20 μm. (B and 
C) SMCs were treated with FAK-I (VS-4718, 2.5 μM). (B) Immunostaining for FAK 

and DNMT3A or FAK and DNMT3B in SMCs treated with/without FAK-I for 12 h is 

shown (n=4). Scale bars, 20 μm. (C) FAK −/− SMCs stably expressing either FLAG-FAK­

WT or –NLM (nonnuclear localizing mutant) were treated with/without FAK-I for 24 
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h. Representative immunoblots are shown for pY397 FAK, FAK, DNMT3A, DNMT3B, 

DNMT1, MYH11, CALD1, ACTA2, CNN1, TAGLN, and GAPDH as loading control. 

Blots were quantified relative to GAPDH (n=3). (D) Human brachiocephalic arteries were 

excised postmortem, and frozen sections were made for immunostaining. Representative 

immunostainings for FAK, pY397 FAK, and DAPI (n=5). White arrows: nuclear FAK. Red 

arrows: cytoplasmic FAK. Merge: Green, red, and DAPI (blue). Uncropped images are 

shown in Online Figure XVI Scale bars: 20 μm.
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Figure 4. FAK interacts with DNMT3A and promotes DNMT3A turnover via ubiquitination and 
proteasomal degradation.
(A-D) SMCs were treated with FAK-I (VS-4718, 2.5 μM). (A, B, and D) SMCs were treated 

with FAK-I only or together with MG132 (20 μM) for 6 h. Lysates were immunoprecipitated 

with control IgG, anti-FAK (A), anti-DNMT3A (B) or anti-TRAF6 (D), and subjected to 

immunoblotting with indicated antibodies (n=3). (C) SMCs were treated with cycloheximide 

(CHX, 50 μg/ml) with/without FAK-I for indicated times. DNMT3A blots were measured 

and plotted (n=3), also see Online Figure XXB. (E) 293T cells were transfected with Myc­
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tagged DNMT3A mutants and subjected to immunoprecipitation with anti-Myc antibody 

and subjected to immunoblotting with indicated antibodies (n=3). (F) Mice were treated 

with MG132 (0.3 mg/kg) by intraperitoneal injection at 24, 6, and 1 h before euthanasia. 

Isolated aorta lysates were immunoprecipitated with anti-FAK antibody and subjected to 

immunoblotting with indicated antibodies (n=6). Uncropped images are shown in Online 

Figure XXIC. (G) Representative immunoblots of shDNMT3A and shDNMT3B RNA 

expressing SMCs for DNMT3A, DNMT3B, DNMT1, pY397 FAK, FAK, CALD1, ACTA2, 

CNN1, and GAPDH as loading control. pY397 FAK blots were quantified relative to total 

FAK and others to GAPDH (n=3). Data are mean±SEM. P values were determined using 

2-way ANOVA with Bonferroni multiple comparisons test (C; P values adjusted for 5 

comparisons).
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Figure 5. Pharmacological FAK inhibition reduced injury-induced upregulation of DNMT3A 
and 5-mC preventing neointima formation in mice.
Mice were treated with vehicle or FAK-I (VS-4718, 50 mg/kg) twice daily following 

wire injury for 2 weeks. It is noted that FAK localization or activity exhibited an inverse 

relation with DNMT3A expression. Shown are representative immunofluorescence stainings 

of frozen section from vehicle or FAK-I-treated femoral arteries for FAK, pY397 FAK, 

DNMT3A, 5-mC, and ACTA2. Red, green, and blue (DAPI) were merged (n=4). Dashed 

line in image marks the elastic lamina. White line indicates endothelial layer. L, lumen. 

Scale bars: x20, 100 μm; or x60, 20 μm.
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Figure 6. SMC-specific genetic FAK-KD mice did not upregulate injury-induced DNMT3A and 
5-mC expression protecting from neointima formation.
Representative immunofluorescence staining of FAK-WT and FAK-KD femoral arteries 2 

weeks postinjury for FAK, pY397 FAK, DNMT3A, DNMT3B, 5-mC and ACTA2 (n=4). 

FAK-KD in SMCs from the injured group exhibited a low DNMT3A and 5-mC as observed 

in sham. Merge 1, green and red; Merge 2, green, red, and blue (DAPI) were merged. 

Dashed line in image marks the elastic lamina. White line indicates endothelial layer. L, 

lumen. Scale bars: 20 μm.
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Figure 7. FAK inhibition blocks wire injury-induced upregulation of DNMT3A and 5-mC levels 
and maintains expression of SMC-specific contractile genes.
(A) Mice were treated with vehicle or FAK-I (VS-4718, 50 mg/kg) twice daily for 2 weeks 

following wire injury. Representative immunoblots of femoral artery lysates from (A) FAK-I 

treated or (B) FAK-WT and -KD mice 2 weeks following injury for pY397 FAK, FAK, 

DNMT3A, DNMT3B, DNMT1, MYH11, CALD1, ACTA2, CNN1, TAGLN and GAPDH 

as loading control (n=4). pY397 FAK blots were quantified relative to total FAK, and other 

blots to GAPDH. (C) Representative dot blots for 5-mC using gDNA isolated from femoral 
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arteries with or without FAK-I treatment 2 weeks postinjury (n=3). The methylene blue 

(MB) staining of 150 ng total genomic DNA was used as loading control. (D) SMCs were 

treated with either vehicle or FAK-I for 24 h. Chromatin immunoprecipitation (ChIP) on 

Myh11, Tagln, and Acta2 promoters was performed with the indicated histone and SRF 

antibodies (n=3). Data are mean±SEM. P values were determined using t-test (D).
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Figure 8. In vivo knock-down of DNMT3A in femoral artery reduces wire injury-induced 
neointima formation.
Femoral arteries were coated with either scramble shRNA (shScr) or DNMT3A 

shRNA (shDNMT3A) lentivirus coexpressing mCherry immediately following wire injury. 

Representative immunostainings of 2-week post-injury samples for ACTA2, DNMT3A and 

DNMT3B are shown (n=4). Green, mCherry (red) and DAPI (blue) were merged. mCherry 

was used to verify lentiviral infection. Dotted line in image marks the elastic lamina. White 

line indicates endothelial layer. L, lumen. Scale bars: x20, 100 μm; or x60, 20 μm.
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