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Abstract

Currently in the field of vascular biology, the role of epigenetics in endothelial cell biology and 

vascular disease has attracted more in-depth study. Using both in vitro and in vivo models of 

blood flow, investigators have recently begun to reveal the underlying epigenetic regulation of 

endothelial gene expression. Recently, our group, along with two other independent groups, have 

demonstrated that blood flow controls endothelial gene expression by DNA methyltransferases 

(DNMT1 and 3A). Disturbed flow (d-flow), characterized by low and oscillating shear stress 

(OS), is pro-atherogenic and induces expression of DNMT1 both in vivo and in vitro. D-flow 

regulates genome-wide DNA methylation patterns in a DNMT-dependent manner. The DNMT 

inhibitor 5-Aza-2’deoxycytidine (5Aza) or DNMT1 siRNA reduces OS-induced endothelial 

inflammation. Moreover, 5Aza inhibits the development of atherosclerosis in ApoE-/- mice. 

Through a systems biological analysis of genome-wide DNA methylation patterns and gene 

expression data, we found 11 mechanosensitive genes which were suppressed by d-flow in vivo, 

experienced hypermethylation in their promoter region in response to d-flow, and were rescued by 

5Aza treatment. Interestingly, among these mechanosensitive genes, the two transcription factors 

HoxA5 and Klf3 contain cAMP-response-elements (CRE), which may indicate that methylation of 

CRE sites could serve as a mechanosensitive master switch in gene expression. These findings 

provide new insight into the mechanism by which flow controls epigenetic DNA methylation 

patterns, which in turn alters endothelial gene expression, regulates vascular biology, and induces 

atherosclerosis. These novel findings have broad implications for understanding the biochemical 

mechanisms of atherogenesis and provide a basis for identifying potential therapeutic targets for 

atherosclerosis.
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1. Blood Flow Regulates Endothelial Cell Biology and Atherosclerosis

Atherosclerosis, an inflammatory disease of the arterial wall, is the major cause of heart 

attack, stroke, and peripheral arterial disease. Atherosclerosis typically occurs in curves or 

branches in the vasculature due to the effect of disturbed blood flow (d-flow) on endothelial 

gene expression, which naturally arises as a consequence of the geometry and is known to 

induce endothelial cell (EC) dysfunction.

Blood flow generates shear stress on vascular endothelial cells. Unidirectional, laminar shear 

stress (LS, or s-flow) is crucial for normal vascular function, whereas d-flow, characterized 

as low and oscillatory shear stress (OS), causes vascular dysfunction and disease (1-5). 

When compared to s-flow, ECs have drastically altered gene expression patterns both in 

vivo and in vitro (6-11). Atherosclerosis preferentially develops in areas of d-flow, where 

the dysfunctional EC phenotype initiates and perpetuates plaque accumulation (12). 

Epigenetics control aberrant gene expression in many diseases including cancer and 

cardiovascular disease, but the mechanism of flow-induced epigenetic gene regulation via 

DNA methylation has not been well studied until very recently.

2. Mechanosensitive Endothelial Gene Expression

High throughput, genome-wide gene expression studies have shown that shear stress 

regulates endothelial gene expression in vitro and in vivo (2, 4, 13-17). These studies have 

identified numerous shear-responsive regulatory pathways as well as novel 

mechanosensitive genes and functional gene clusters (18, 19).

Shear stress is able to be translated from the cell surface (luminal, junctional, and basal) 

through a variety of mechanosensors, including ion channels, nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase and xanthine oxidase (XO), receptor tyrosine 

kinases, G proteins, cell/cell and cell/matrix (integrins) adhesion complexes, the glycocalyx, 

caveolae, and cytoskeletal elements (20). Once the shear stress stimulus is applied to the 

cell, various intracellular pathways are triggered in a process known as 

mechanotransduction. Interestingly, many of these pathways converge on common signaling 

pathways, such as the mitogen-activated protein kinase (MAPKs) pathway and the 

phosphatidylinositol-3-OH kinase PI3K /Akt pathway (21). The MAPK pathway in 

particular can be activated through integrins, NADPH oxidase, or ion channels, among 

others. Integrins activated by mechanical stimuli phosphorylate and activate a complex of 

kinases (FAK, c-Src, Shc, paxillin, and p130CAS), adaptor proteins (Grb2, Crk), and 

guanine nucleotide exchange factors (Sos, C3G), which ultimately lead to the activation of 

Ras. When Ras becomes activated, this leads to the activation of MAPKs. The extracellular 

signal-regulated kinases (ERK1/2), members of the MAP kinase family, then activate 

transcription factors (c-myc, c-jun, c-fos, p62TCF) and/or eNOS (22). Furthermore, ion 

channels activate the MAPK pathway through protein kinase C (PKC) (22) whereas 

NADPH oxidase activates the MAPK pathway through ROS (23). An additional example of 

such is the activation of platelet endothelial cell adhesion molecule-1 (PECAM-1). 

PECAM-1 directly transmits mechanical force at the junctional surface and VEGFR2 (in 

complex with PECAM-1 and VE-cadherin) activates PI3K. After PI3K is activated, Akt is 
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also activated, and this leads to cytoskeletal arrangement so that ECs exposed to anti-

atherogenic LS align in the direction of flow and ECs exposed to pro-atherogenic OS have 

activation of Rac1, which in turn leads to increased ROS and NF-κB becomes activated. 

Thus, in OS, these same mechanosensors lead to the expression of pro-atherosclerotic genes 

such as ICAM1 by activating NF-κB. (24, 25). Furthermore, the PI3K/Akt pathway can 

converge with the same integrins that the MAPKs interact with and can lead to activation of 

eNOS (26).

These shear-responsive pathways often activate the MAPK and PI3K/Akt pathways 

differentially in response to LS vs. OS (13), Gimbrone 2000). In laminar shear, 

atheroprotective genes such as eNOS (11), the Kruppel-like factor family (Klf2 and Klf4) 

(27), Nrf2 (28), and superoxide dismutases (Mn-SOD, EC-SOD) (11), become upregulated. 

eNOS becomes phosphorylated and activated by Akt via a PI3K-dependent pathway (29) 

and leads to an anti-atherogenic phenotype in ECs by producing NO, which prevents EC 

expression of MCP-1 and plays a role in maintaining vessel tone (30). Klf2 also plays a role 

as a potent anti-atherogenic protein. It has been reported to prevent thrombin-mediated 

induction of multiple cytokines (such as MCP-1), as well as inhibiting inflammation and 

apoptosis, maintaining cell shape, and maintaining vessel tone (31). Klf2 becomes 

upregulated by LS through myocyte enhancer factor 2 (MEF2) transcription, which in turn is 

upregulated either directly through HDAC4/5 inhibition (32) or indirectly through LS effect 

on the MAPK pathway (namely MEK5 and ERK5) (33). Finally, Nrf2, another anti-

atherogenic transcription factor, becomes upregulated in LS through the negative regulation 

of Keap1. Nrf2 exerts its anti-atherogenic effects by upregulating cytoprotective genes that 

contain antioxidant response elements (AREs) (28). As opposed to LS, in oscillatory shear 

stress, ECs express pro-inflammatory cytokines such as MCP-1 (34) and inflammatory cell 

adhesion molecules such as VCAM1 and ICAM1 (15). Furthermore, ECs express other pro-

inflammatory proteins such as NADPH oxidase (28)(35), which mediates its effects through 

ROS, and bone morphogenetic protein (BMP4) (36). MCP-1 contains a phorbol ester 

(TPA)-responsive element (TRE) in its promoter region, which was also found to be shear-

sensitive. Shyy et al discovered that MAPKs can control AP-1 mediated transcriptional 

control of this element (37). Similarly, VCAM1 and ICAM1 also contain these shear-

responsive elements in their promoters(15). Finally, NADPH oxidase is in part regulated 

through the MAPK pathway as well via c-Jun NH2 kinase (JNK) (28)(35). Ultimately, these 

findings have demonstrated that laminar, unidirectional s-flow or LS upregulates 

“atheroprotective” genes and downregulates “pro-atherogenic” genes while disturbed, 

reversing, or stagnant d-flow or OS results in the opposite phenomenon of enhancing pro-

atherogenic genes and suppressing atheroprotective genes.

2.3. Overview of Epigenetic Modifications

The latest advance in the vascular mechanobiology field has been the discovery of key 

regulators that control a large network of genes. This discovery has made a large impact in 

the field due to the fact that these key regulators may be therapeutic targets for the treatment 

and prevention of atherosclerosis. Therefore, key regulators of global transcription and 

translation, such as direct DNA structural modifiers, microRNAs, and transcription factors 

have been gaining importance. Direct DNA structural modifications such as DNA 
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methylation, histone modifications, and chromatin remodeling complexes alter the structure 

of genomic DNA in order to control accessibility of DNA sequences (38), whereas 

transcription factors are recruited to specific regions of a gene promoter to form a 

transcriptional complex that assists RNA polymerase to bind and transcribe the gene to 

messenger RNA (mRNA). Unlike the aforementioned regulators, microRNAs (miRNAs) 

control genetic regulation at the RNA level. Through complementary binding of the seed 

region, a 7 or 8 nucleotide region near the 5’ region of the mature miRNA, to the 3’UTR of 

the mRNA, miRNAs can either block mRNA translation or cause mRNA degradation. 

However, due to the small region of complementarity, a single miRNA can regulate 

hundreds of mRNAs, and thus genes (39). Finally, once mRNA has been successfully 

translated into protein, post-translational modifications control their activity and stability.

3. Shear-responsive epigenetics

3.1. Epigenetics

Epigenetics is defined as the modification of genetic information in a sequence-independent 

manner, which is achieved through alteration of the DNA structure. Genomic DNA in an 

open, relaxed conformation is known as euchromatin and is associated with acetylated 

histones and unmethylated DNA, whereas condensed genomic DNA is defined as 

heterochromatin and is associated with methylated histones (trimethylated-histone 3 lysine 9 

(H3K9) and trimethylated-histone 3 lysine 27 (H3K27)) and methylated DNA (40). 

Euchromatic DNA is usually transcriptionally active, whereas heterochromatin generally 

contains repeat elements and transcriptionally silent genes. Heterochromatin compaction 

predominantly occurs during development and differentiation (41-45).

3.2. Histone modifications and chromatin remodeling

Although many investigators have confirmed that blood flow regulates histone 

modifications and chromatin remodeling, it is still controversial as to whether these events 

are pro-atherogenic or anti-atherogenic. Early reports of shear-responsive epigenetic 

modifications described novel pathways by which LS mediates chromatin remodeling in 

cultured ECs by inducing histone H3/H4 acetylation and H3 phosphorylation (46, 47). LS 

activates genes with intrinsic histone acetyltransferase (HAT) activities, such as ribosomal 

S6 kinase-2 (RSK-2), mitogen- and stress-activated kinase-1 (MSK-1), and cAMP-

responsive element–binding protein (CREB)/CREB-binding protein (CBP) complexes, and 

also deactivates histone deacetylases (HDACs). HDACs are categorized into class I (HDAC 

1/2/3) and class II (HDAC5/7). LS blocks class II HDAC-mediated inhibition of myocyte 

enhancer factor-2 (MEF2), thus enabling MEF2-mediated KLF2 and eNOS expression (32). 

In contrast, OS induces both class I and II HDAC overexpression and accumulation in the 

nucleus via the phosphatidylinositol 3-kinase (PI3K)/Protein Kinase B (PKB/Akt) signaling 

pathway, thus blocking the anti-inflammatory transcription factors NF-E2-related factor 2 

(Nrf2) and MEF2. It was later found that class I HDAC inhibition by siRNA or the class I-

specific HDAC inhibitor valproic acid prevented OS-induced endothelial proliferation both 

in vivo and in vitro (48). Taken together, these studies suggest that acetylation of specific 

histones may be athero-protective.
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Several groups have demonstrated that the HDACs play a functional role in EC 

inflammation and atherosclerosis, but the role of HDAC3 is unclear, as both pro-and anti-

atherogenic effects have been reported. Inoe et. al first described that inhibition of HDAC3, 

which is highly expressed in endothelial cells, suppresses endothelial inflammation by 

decreasing TNFα-induced VCAM1 expression and monocyte adhesion (43). It was later 

shown that HDAC3 inhibition with trichostatin A (TSA) can prevent both TNFα and LPS-

induced tissue factor expression and promoter activity in endothelial cells through reduced 

activity of the NF-kappaB-related “TF-kappaB” promoter (49, 50). HDAC3 also represses 

eNOS expression through deacetylation of the eNOS promoter (51).

Zampetaki et al. directly demonstrated that HDAC3 plays a role in endothelial cell survival 

and atherosclerosis development (46). ApoE-/- mice showed increased expression of 

HDAC3 in regions of d-flow and that HDAC3 protein was upregulated in endothelial cells 

exposed to d-flow in vitro. They showed that HDAC3 is phosphorylated by d-flow and has a 

strong interaction with Akt, causing Akt phosphorylation. However, knockdown of HDAC3 

led to a marked increase in apoptosis in endothelial cells. Furthermore, in aortic isografts of 

mice treated with lentiviral shHDAC3, robust atherosclerotic lesions were observed. Thus, 

moderate levels of HDAC3 appears to promote endothelial survival and integrity, but its 

overexpression in d-flow regions may be pro-atherogenic(52). Fitting with this idea, the 

complete ablation of HDAC activity by TSA treatment exacerbated vascular inflammation 

and atherosclerosis in low-density lipoprotein (LDL) receptor-deficient (LDLR-/-) mice fed 

an atherogenic diet (53).

Furthermore, HDAC7 was shown to suppress endothelial proliferation by preventing the 

nuclear translocation of β-catenin by direct binding and downregulation of TCF-1/Id2 and 

cyclin D1. (54).

As opposed to deacetylation, histone acetylation has been reported to modulate oxLDL-

induced cytokine release by ECs. OxLDL increases H3/4 acetylation and H3 

phosphorylation on a global scale and specifically in the promoter region of oxLDL-related 

interleukin 8 (IL8) and monocyte-chemoattractant protein-1 (MCP-1) in cultured human 

ECs (HUVECs). Additionally, HDAC inhibition increases endothelial expression and 

secretion of these cytokines (55). Also, HDAC2 expression is reduced in human coronary 

atherosclerotic lesions (55). Taken together, these reports clearly indicate that HDACs are 

regulated by flow, but its pathophysiological roles may vary depending on specific HDACs 

and cell types involved.

4. Endothelial-specific gene expression mediated by epigenetics

Early epigenetic studies in the endothelium were mainly focused on studying the status of 

single genes and using this status to define markers of cellular differentiation towards the 

endothelial lineage. Understanding the function and regulation of genes that have EC-

specific expression is of particular importance because the loss of constitutively active EC 

genes is frequently associated with endothelial dysfunction.

Histone acetylation is important for both LS-induced and endothelial-specific expression of 

eNOS. An HDAC inhibitor-induced increase in eNOS expression was linked to decreased 
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DNA methylation of the eNOS promoter, and TSA/5Aza combination treatment was found 

to synergistically increase eNOS in non-ECs (56). This demonstrates the complementary 

interactions of histone modifications and DNA methylation. It was later discovered that 

5Aza treatment alone could induce eNOS expression in non-ECs, and further that the eNOS 

promoter is heavily methylated in non-ECs but demethylated in ECs. Methylation of the 

eNOS promoter blocks binding of the transcription factors Sp1, Sp3, and Ets1, and thus 

eNOS transcription (57).

In addition to eNOS, Roundabout 4 (Robo4) is an endothelial-specific gene whose 

expression is controlled by promoter DNA methylation in non-endothelial cells, which 

prevents binding of essential transcription factor SP1. Both the methylation and gene 

expression status of Robo4 in non-endothelial cells can be reversed by treatment with 5Aza. 

Interestingly, while Robo4 is suppressed by LS and eNOS by OS, neither gene has shear-

responsive promoter DNA methylation changes (58-61). The lineage-specific epigenetic 

changes of both eNOS and Robo4 have been carefully dissected to show that Robo4-specific 

methylation patterns are established during the transition from embryonic stem cells to 

Flk1+ mesodermal cells, while eNOS DNA methylation and concomitant histone 

modifications appear in early proangiogenic cells (58, 62).

Studies of epigenetically-modulated endothelial-specific gene expression were expanded to 

a repertoire of endothelial-specific genes, such as PECAM1 (CD31), von Willebrand factor 

(vWF), VE-cadherin, and intercellular adhesion molecule-2 (ICAM2) which were found to 

have endothelial-specific promoter demethylation patterns. As with the other genes, 5Aza 

induced their expression in non-endothelial cells and TSA had a synergistic effect (63). 

These studies, taken together, demonstrate that DNA methylation is a key mechanism for 

endothelial-specific gene expression.

5. DNA methylation is a novel epigenetic mechanism that regulates 

endothelial cell responses to shear stress

Recently, several groups independently converged on the seminal finding that DNA 

methyltransferases (DNMTs) are shear responsive proteins that regulate flow-mediated 

endothelial gene expression programs (61),(64), (65).

5.1. Kruppel like factor 4 (Klf4) suppression by disturbed flow in ECs is mediated by 
promoter DNA hypermethylation in a DNMT3a-dependent manner

Klf4 is a key mediator of endothelial function and has been well documented to maintain an 

anti-inflammatory, quiescent endothelial state in unidirectional flow conditions (66-69). 

Jiang et al. discovered that DNA methylation is a novel, flow-mediated mechanism of 

endothelial Klf4 transcriptional regulation both in vitro and in vivo (61). In this study, both 

DNMT3A expression and DNMT3A binding to the Klf4 promoter were found to increase 

due to d-flow. This led to DNA hypermethylation and decreased MEF2 binding. MEF2 is a 

key transcription factor that controls Klf4 upregulation in response to resveratrol in ECs 

(70). DNMT inhibition by 5Aza or RG108 rescued Klf4 expression and reversed the d-flow-

induced suppression of the downstream targets eNOS and thrombomodulin. Additionally, 
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the d-flow-induced overexpression of the proinflammatory monocyte chemoattractant 

protein-1 (MCP-1) was blunted. Thus, the methylation status of key genes such as Klf4 and 

eNOS can be a crucial indicator of endothelial phenotype.

5.2. D-flow upregulates DNMT1 expression in ECs, which alters DNA methylation patterns 
and endothelial gene expression.

Genome-wide studies of DNA methylation and gene expression, recently reported by our lab 

and others, provided a much broader view of flow-mediated DNA methylation changes and 

the relation of methylation status to atherosclerosis development in vivo. Our DNA 

methylome and transcriptome studies, using reduced representation bisulfite sequencing 

(RRBS) and microarray, respectively, revealed that d-flow regulates global DNA 

methylation patterns in a DNMT-dependent manner. Using a murine model of d-flow, which 

involves partial ligation of the left carotid artery (LCA), while keeping the contralateral right 

carotid artery (RCA) untouched as an internal control, we found a dramatic increase in 

DNMT1 expression in the LCA. Further, DNMT1 expression was induced by OS in cultured 

endothelial cells, and inhibition of DNMT with either 5Aza or DNMT1 siRNA markedly 

reduced OS-induced endothelial inflammation. Moreover, 5Aza treatment reduced lesion 

formation in both acute and chronic mouse models of atherosclerosis. Genome-wide RRBS 

and microarray studies from animals treated with 5Aza demonstrated that DNMT1 

inhibition in d-flow regions reverts DNA methylation and gene expression back to the 

healthy s-flow condition (64).

These DNA methylome and transcriptome results initially were used to identify 

mechanosensitive genes that were hypermethylated in the promoter regions and were also 

downregulated by d-flow. These in silico analyses led us to discover 11 genes with the most 

dramatic d-flow-induced, 5Aza-reversible promoter hypermethylation and gene suppression. 

They were HoxA5, Tmem184b, Adamtsl5, Klf3, Cmklr1, Pkp4, Acvrl1, Dok4, Spry2, and 

Zfp46. Interestingly, 5 of those 11 genes (HoxA5, Klf3, Cmklr1, Acvrl1, and Spry2) contain 

CRE in their promoters. The pathophysiological relevance of those genes, especially the 

CRE-containing genes, is currently unknown and is under investigation. Of the 

mechanosensitive CRE containing genes, HoxA5 and Klf3 encode transcription factors and 

thus the methylation status of these loci could serve as a mechanosensitive master switch in 

gene expression (64).

Further systems biological analysis revealed that CRE methylation is regulated genome-

wide in a mechanosensitive manner. CREs located specifically in gene promoters on the 

genome-scale are hypermethylated by d-flow in a 5Aza-preventable manner, suggesting a 

potential mechanism by which d-flow regulates gene expression by genome-wide CRE 

methylation. These CRE-containing mechanosensitive genes are the target of future studies 

(64).

More recently, Zhou et al. also reported that d-flow causes DNMT1 overexpression (65). 

Comparing OS to pulsatile, unidirectional LS in HUVECs, they found that OS increases 

DNMT1 mRNA and protein expression, DNMT1 nuclear translocation, and 5-

methylcytosine (5mC) content. 5Aza treatment inhibited the OS-induced DNMT1 

expression and prevented increases in 5mC. Using a rat partial carotid ligation model, they 
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demonstrated that d-flow also induced DNMT1 protein expression and increased 5mC 

content in vivo.

These studies of shear-responsive DNA methylation regulators, global DNA methylation 

responses, and the functional importance of site-specific DNA methylation changes caused 

by d-flow demonstrated, for the first time, the key importance of DNA methylation in 

controlling global gene expression in endothelial dysfunction and atherosclerosis in d-flow 

regions.

6. Hox are novel shear-sensitive endothelial gene family regulated by 

promoter DNA methylation

Hox genes are homeobox transcription factors whose homeodomains recognize and bind to 

specific DNA sequences, enabling the coordinate regulation of sets of genes. Hox genes 

exist in four separate clusters on distinct chromosomes (HoxA, HoxB, HoxC and HoxD) and 

often have complementary functionality. Hox genes and their associated microRNAs are 

highly conserved developmental master regulators with tight tissue-specific, spatiotemporal 

control. These genes are known to be dysregulated in several cancers and are often 

controlled by DNA methylation (71-76).

Specific members of the Hox family have been implicated in vascular remodeling, 

angiogenesis, and disease by orchestrating changes in matrix degradation, integrins, and 

components of the extracellular matrix (77). HoxD3 and HoxB3 are pro-invasive, 

angiogenic genes that upregulate β3 and α5 integrins and Efna1 in endothelial cells, 

respectively (78-81). HoxA3 induces endothelial migration by upregulating 

metalloproteinase-14 (MMP14) and plasminogen activator urokinase receptor (uPAR) (82). 

Conversely, HoxD10 and HoxA5 have the opposite effect of suppressing endothelial 

migration and angiogenesis, and stabilizing adherens junctions by upregulating TIMP1, 

downregulating uPAR and MMP14, and by upregulating TSP2 and downregulating 

VEGFR2, Efna1, Hif1α and COX-2, respectively (83, 84).

HoxA5 also upregulates the tumor suppressor p53 and Akt1 by downregulation of PTEN 

(85). Suppression of HoxA5 has been shown to attenuate hemangioma growth (86). HoxA5 

has far-reaching effects on gene expression, causing ~300 genes to become upregulated 

upon its induction in breast cancer cell lines (87). HoxA5 protein transduction domain 

overexpression prevents inflammation as shown by inhibition of TNFα-inducible monocyte 

binding to HUVECs (88, 89). Consistent with this finding, HoxA5 knockdown induced 

endothelial inflammation in LS-exposed cells (64).

The Hox families exhibit a high level of self-interaction, forming chromatin conformations 

known as topological domains (90). This global method of establishing a higher order 

genomic structure, that is evident here specifically within the Hox domains, suggests a novel 

mechanism by which shear regulates chromosomal conformation, thereby modulating DNA 

domain interactions by epigenetic mechanisms.
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Some of the most prominent changes in DNA methylation in our RRBS dataset occur in the 

Hox gene family. Overall, there was very high coverage of CG sites localized to the Hox 

family gene clusters by our RRBS assay, and many of these sites exhibit strong changes in 

methylation in the d-flow LCA as compared to the s-flow RCA (indicated in green boxes in 

Figure 1). These methylation changes occur mainly at key functional regions, including 

promoters where methylation is associated with gene suppression, intron/exon boundaries 

where methylation may be associated with alternative transcript expression (Figure 1A). 

Many of these changes are also 5Aza-reversible (64).

Although the different Hox family subsets are located across different chromosomes, their 

methylation pattern is similarly regulated (Figure 1A). In mouse, the HoxA, B, and D 

families are located on chromosomes 6, 11, and 2, respectively. While the HoxA cluster 

shows the most flow-sensitive differential methylation, HoxB and HoxD clusters also show 

some mechanosensitive methylation patterns.

The functional importance of the HoxA5 promoter region in transcriptional regulation is 

demonstrated in Figure 2A and 2B. Although mouse endothelial Encyclopedia of DNA 

Elements (ENCODE) data is not yet available, the Hox clusters genomic sequences are 

highly conserved between mouse and human. Therefore we used ENCODE data obtained in 

human endothelial cells (HUVEC) to determine locations of transcription factor/complex 

binding to DNA in the homologous regions from mouse that we found to be differentially 

methylated by flow (Figure 2A). This analysis showed enriched Pol2 and CTCF binding at 

the CpG-dense HoxA5 promoter in HUVECs, suggesting its active transcriptional status. 

The HoxA locus is known to contain an insulator characterized by several CTCF binding 

sites that separates the co-regulation of expression of HoxA1-7 and HoxA9-13 (91). CTCF 

is a DNA insulator binding protein that marks the transition from tightly packed 

heterochromatin to relaxed euchromatin. Pol2 contains the active subunit for synthesizing 

RNA from the DNA template, and in combination with other RNA polymerase subunits, 

forms the DNA groove binding domain.

Previously, Shirodkar et al. showed that the endothelial specific genes eNOS and VE-

cadherin are heavily methylated in their promoter region in non-differentiated cells such as 

human embryonic stem cells, but as they become differentiated towards the endothelial 

cells, they become demethylated and genes highly expressed (59). Interestingly, we find that 

in the same region that has mechanosensitive DNA methylation in the HoxA5 promoter, the 

same phenomenon occurs (Figure 2C and D).

Comparison of the HoxA5 promoter methylation profile across cell types from the least 

differentiated (human embryonic stem cells) to endothelial cells (HUVECs) with 

hepatocytes and aortic smooth muscle cells as intermediate types using ENCODE datasets, 

shows that the HoxA5 promoter is heavily methylated in non-differentiated cells and 

becomes demethylated as cells differentiate down the endothelial lineage (Figure 

2A) (63, 92). While it is known that Hox genes' DNA methylation status is a useful marker to 

distinguish between cell types for differentiation, we demonstrate that this is indeed the case 

in the transition of cell type-specific differentiation (Figure 2A).
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Our RRBS data indicates the key importance of genome-wide CREB binding sites (CRE) as 

a potential global regulator of gene expression. We expect that the HoxA5 promoter CRE 

methylation status regulates CREB binding and downstream expression of HoxA5, but 

unfortunately neither CREB nor its binding partners p300/CBP were covered by the 

ENCODE consortium endothelial Chromatin-IP datasets.

Interestingly, both HoxA5 and Klf3 are suppressed in acute myeloid leukemia (AML), 

which is treated by the DNMT inhibitor 5Aza. While HoxA5 is known to be 

hypermethylated in AML, it has not yet been shown whether 5Aza directly reverses the 

methylation of this gene (93, 94). Of additional interest, AML is also treated with alltrans 

retinoic acid, a drug known to influence DNA methylation of a small number of specific 

genes. Furthermore, this drug was shown to rescue Klf3 expression by an unknown 

mechanism (95, 96).

7. Perspectives

Emerging findings reveal that epigenetic mechanisms, DNA methylation, HDAC-mediated 

histone modifications, and miRNAs, play a critical role in regulating the expression of genes 

involved in vascular biology and disease. While DNA methylation, especially 5mC is the 

most studied covalent DNA modification, other modifications exist. These include 5-

hydroxymethylcytosine (5hC), 5-formylcytosine (5fC) and 5-carboxycytosine (5cC). The 

corollary finding that ten-eleven-translocation (TET) enzymes convert 5mC into 5hmC also 

introduces the important concept of site-specific DNA demethylation, which could play an 

important role in both regulating DNA methylation patterns as well as in establishing 

aberrant demethylation in disease (97).

Thus far, DNA methylation in atherosclerosis has been mainly studied in the context of CpG 

methylation found in the promoter region of genes, especially in dense CpG-rich regions 

known as CpG islands. However, DNA methylation in other locales, including coding or 

noncoding gene regulatory regions, is known to play a role in controlling gene expression, 

splice variant expression, and in chromatin conformation and genome stabilization (98-100). 

It would be interesting to examine whether there is d-flow-induced differential endothelial 

DNA methylation in locations including enhancers, promoters, intron/exon boundaries, 

transposable elements, 3’UTRs, transcription factor binding sites, and across the genome 

either sporadically or in the context of specific sequence motifs.

Finally,it was recently shown that the anti-atherosclerotic effect of DNMT inhibition by 

5Aza also has a mechanistic basis in the immune milieu (101). Because atherosclerosis is a 

systemic disease caused by multi-cell type dysfunctions, including immune cells, smooth 

muscle cells, and fibroblasts, a systems wide approach will be necessary to understand the 

role of global methylation changes and crosstalk between cell types via circulating miRNAs 

in modulating disease development in order to fully realize the therapeutic potential of 

epigenetic interventions.

Drawing upon epigenetics-based cancer diagnostics currently in use, it is foreseeable that 

epigenetic targets such as DNMTs, specific gene promoter DNA methylation, histone 
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modifications, and miRNAs could serve as biomarkers for cardiovascular disease diagnosis 

as well as targets for therapeutic intervention.
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Figure 1. Flow regulates DNA methylation of Hox family
HoxA, HoxB, and HoxD gene family DNA methylation changes in endothelial cells due to 

disturbed flow are seen by reduced representation bisulfite sequencing (RRBS) in the UCSC 

Genome Browser from our mouse partial carotid ligation model (A). RRBS data in the 

UCSC Genome Browser showing 5Aza-reversible, d-flow-induced Hox promoter 

hypermethylation regions. Differentially methylated regions by shear stress are boxed in 

green (B). High methylation is denoted in yellow and low methylation is denoted in red.
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Figure 2. Flow- and differentiation-dependent methylation changes in the HoxA5 promoter
UCSC Genome Browser view of the RRBS data showing flow-dependent methylation 

changes in the HoxA5 promoter (A). The ENCODE consortium ChIP-Seq and Methyl450k 

array datasets for HUVEC show that the transcription factor CTCF and RNA Polymerase II 

are enriched at the HoxA5 promoter where there is a high density of CpG sites (B). Zoomed-

in view of the red boxed area from panel A (C). UCSC Genome Browser screenshot of the 

ENCODE Methyl450k array datasets shows a comparison of the HoxA5 promoter 

methylation profile across cell types from the least differentiated (human embryonic stem 

cells) to the most endothelial-like (HUVECs). Highly methylated regions in orange, partially 

methylated regions in purple, and unmethylated regions in blue. (D).
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