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Abstract

Epigenetic changes, particularly histone compaction modifications, have emerged as

critical regulators in the epigenetic pathway driving endothelial cell phenotype under

constant exposure to laminar forces induced by blood flow. However, the underlying

epigenetic mechanisms governing endothelial cell behavior in this context remain

poorly understood. To address this knowledge gap, we conducted in vitro

experiments using human umbilical vein endothelial cells subjected to various

tensional forces simulating pathophysiological blood flow shear stress conditions,

ranging from normotensive to hypertensive forces. Our study uncovers a

noteworthy observation wherein endothelial cells exposed to high shear stress

demonstrate a decrease in the epigenetic marks H3K4ac and H3K27ac, accompa-

nied by significant alterations in the levels of HDAC (histone deacetylase) proteins.

Moreover, we demonstrate a negative regulatory effect of increased shear stress on

HOXA13 gene expression and a concomitant increase in the expression of the long

noncoding RNA, HOTTIP, suggesting a direct association with the suppression of

HOXA13. Collectively, these findings represent the first evidence of the role of

histone‐related epigenetic modifications in modulating chromatin compaction during

mechanosignaling of endothelial cells in response to elevated shear stress forces.

Additionally, our results highlight the importance of understanding the physiological

role of HOXA13 in vascular biology and hypertensive patients, emphasizing the

potential for developing small molecules to modulate its activity. These findings

warrant further preclinical investigations and open new avenues for therapeutic

interventions targeting epigenetic mechanisms in hypertensive conditions.
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1 | INTRODUCTION

Hypertension, characterized by persistently high blood pressure,

often stealthily culminates in significant cardiovascular complications

before symptoms manifest. This silent progression can lead to

atherosclerosis and increased risk of heart attacks and strokes (Expert

Panel on Detection, Evaluation, and Treatment of High Blood

Cholesterol in Adults, 2001). As a leading cause of mortality

worldwide, hypertension is often found intertwined with metabolic

abnormalities such as obesity and dyslipidemia, and is a key

component of metabolic syndrome as defined by the World Health

Organization (Alberti & Zimmet, 1998; Cuspidi et al., 2004; Grundy

et al., 2004; Guerrero‐Romero & Rodríguez‐Morán, 2005; Schillaci

et al., 2004). This condition is also of particular concern during

pregnancy, where it contributes to a substantial fraction of maternal

morbidity and mortality (Bokslag et al., 2016). Recognized as a prime

factor in endothelial dysfunction—a cornerstone of vascular

pathologies—hypertension calls for an in depth examination of

endothelial responses to hypertensive stimuli (Bernatova, 2014).

Shear stress, including laminar and tangential forces exerted by

blood flow, is instrumental in regulating gene expression in

endothelial cells. This regulation occurs through the activation of

mechanosensors and signaling pathways, profoundly impacting

endothelial function (Chistiakov et al., 2017). Disruptions to normal

shear patterns can lead to alterations in endothelial behavior,

underscoring the necessity to expand our knowledge of these

mechanisms (Buchanan et al., 2014; Tremblay et al., 2017). In vitro

models have provided insights into how abnormal flow patterns, such

as low or oscillatory shear stress, can influence the endothelium's

critical functions, including its anti‐inflammatory and anti‐

atherosclerotic roles (Cunningham & Gotlieb, 2005). Endothelial cells

are central to vascular homeostasis, playing a vital role in blood

pressure regulation through their interface with blood flow (Félétou

et al., 2010; Fleming, 2010; Iring et al., 2019).

The intricate pathogenesis of hypertension is shaped by a

dynamic interplay between genetic predispositions and environmen-

tal factors (Simon et al., 2016). Epigenetic processes, including DNA

methylation and histone modification, have emerged as significant

contributors to vascular dysfunction and the initiation of hyper-

tension (Levy et al., 2017). These mechanisms alter gene expression

profiles, impacting transcriptional activity and cellular responses

(Delcuve et al., 2009; Lu, 2013). For example, epigenetic modifica-

tions of genes like the norepinephrine transporter can enhance

autonomic activity, leading to increased blood pressure (Esler

et al., 2008), while alterations in the HSD11B2 gene promoter can

skew the renin‐angiotensin‐aldosterone system balance (Udali

et al., 2013).

Recent studies have elucidated the role of epigenetic mecha-

nisms, such as histone modifications, in the regulation of genes

critical to vascular function and their response to dietary factors like

salt (Mu et al., 2011; Pojoga et al., 2011). Furthermore, shear stress

itself has been shown to induce epigenetic changes, suggesting a

mechanistic link between mechanical forces and gene expression in

endothelial cells (Illi et al., 2003; Lee et al., 2012a). The regulation of

genes such as ACE1 by histone modifications illustrates the

complexity of these epigenetic influences (Lee et al., 2012b), and

such modifications have been implicated in the progression of

vascular diseases like atherosclerosis (Dong & Weng, 2013; Wierda

et al., 2015).

HOXA13, a member of the HOX gene family, is particularly

noteworthy for its regulatory influence on vascular development,

including vessel branching and adhesion. Understanding its epigenetic

regulation could offer breakthroughs in treating vascular disorders (Hrycaj

& Wellik, 2016; Shaut et al., 2008b). Despite the recognized importance

of epigenetic modifications in hypertension, research on the effects of

shear stress under hypertensive conditions is sparse. Developing novel

experimental models to study the relationship between epigenetic

mechanisms and physiological flow conditions is crucial to expand our

knowledge in an experimental animal number reduction perspective. Such

advancements could provide key insights into the complex etiology of

hypertension, enhancing our understanding of vascular biology and

informing new therapeutic strategies.

2 | MATERIALS AND METHODS

2.1 | Reagents

RPMI 1640 Medium, penicillin, streptomycin, and fetal bovine serum

(FBS) were obtained from Vitrocell. Bovine serum albumin (BSA),

Trizma (Tris), dodecyl sodium sulfate (SDS), glycine, acrylamide, bis‐

acrylamide, and ammonium persulfate were purchased from Sigma

Chemical Co. SYBR Green master mix, TRIzol, DNase I, and High‐

Capacity cDNA Reverse Transcription Kit were obtained from Life

Technologies/Molecular Probes, Inc. Oligonucleotides for gene

expression (Table 1) were purchased from Exxtend Solution. Primary

and horseradish peroxidase (HRP)‐linked secondary antibodies were

procured from Cell Signaling Technology, Abcam, and R&D Systems

(Table 2). Polyvinylidene difluoride (PVDF) membranes, Chemilum-

inescence (ECL) Kit, and RC DC™ Protein Assay were obtained from

Bio‐Rad. All other chemicals and reagents used in this study were of

analytical grade and sourced from commercial suppliers.

2.2 | Cell culture and shear stress‐induced
tensional forces

Immortalized human umbilical vein endothelial cells (HUVECs) (ATCC®

CRL‐1730™) were cultured in RPMI medium (Vitrocell) supplemented

with penicillin (100U/mL), streptomycin (100mg/mL), and 10% FBS at

37°C and 5% CO2. Shear stress‐induced tensional forces were applied to

the endothelial cells using modified 100mm culture dishes. A 60mm

culture dish was bonded to the center/bottom of the dish and sterilized

under UV light for 15min, following the method described by dela Paz

et al. (2012) (Untergasser et al., 2012) and reproduced by da Silva et al.

(2019). The cells were grown until semi‐confluence on these modified
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TABLE 1 Primer sequences and quantitative polymerase chain reaction cycle conditions for gene expression.

Gene (ID) Primer 5′–3′ Sequence Reactions condition Product size

SETD1A (9739) Forward GCG GGC TAT TCT CTC ACT TG 95°C—15s; 60°C—30 s; 72°C—30 s 143 pb

Reverse CTT GCA CTG CCA AAT TCT GA

SUV39H1 (6839) Forward GGC AAC ATC TCC CAC TTT GT 95°C—15s; 60°C—30 s; 72°C—30 s 250 pb

Reverse CAA TAC GGA CCC GCT TCT TA

EZH2 (2146) Forward AAT CAG AGT ACA TGC GAC TGA GA 95°C—15s; 60°C—30 s; 72°C—30 s 145 pb

Reverse GCT GTA TCC TTC GCT GTT TCC

HAT (8520) Forward CAT CCC CAA AGA GTT GAT GG 95°C—10 s; 59°C—30 s; 72°C—30 s 139 pb

Reverse GCA GTG GAG AAG AAA CTG GC

PCAF (8850) Forward AAA CCC CCA TTT GAA AAA CC 95°C—10 s; 58°C—30 s; 72°C—30 s 191 pb

Reverse TCA GAT CAC GGT GGA TGA AA

KDM4A (9682) Forward TTG CTT GGC ACA CTG AAG AC 95°C—15s; 60°C—30 s; 72°C—30 s 205 pb

Reverse TCC AGC CTC TTG AGT CAC CT

KDM5B (10765) Forward CGT GGT TTG GCC TTG TTA GT 95°C—15s; 60°C—30 s; 72°C—30 s 178 pb

Reverse ACC ACC CAC AGG TGA AGA AG

KDM6B (23135) Forward CCC CTT CAC ATG GCA GTA GT 95°C—15s; 60°C—30 s; 72°C—30 s 176 pb

Reverse GCC TCC TCA CTA TCG TGC TC

HDAC1 (3065) Forward CTG GCC ATC ATC TCC TTG AT 95°C—10 s; 58°C—30 s; 72°C—30 s 216 pb

Reverse ACC AGA GAC GTG GAA ACT GG

HDAC2 (3066) Forward TTC TCA GTG CAC CCA GTC AG 95°C—10 s; 59°C—30 s; 72°C—30 s 170 pb

Reverse CCA GTA TCC TTG GGG GAA AT

HDAC3 (8841) Forward ACG TGG GCA ACT TCC ACT AC 95°C—10 s; 58°C—30 s; 72°C—30 s 219 pb

Reverse GAC TCT TGG TGA AGC CTT GC

HDAC4 (9759) Forward AGT GGC CAG GTT ATC AGT GG 95°C—10 s; 59°C—30 s; 72°C—30 s 176 pb

Reverse GGA GAA GAG CCG AGT GTG TC

HDAC5 (10014) Forward CATC TCT GCA GAC CCC TCT C 95°C—10 s; 58°C—30 s; 72°C—30 s 163 pb

Reverse CCC ACA CAC TTT CAC CCT CT

HDAC6 (10013) Forward AAG TAG GCA GAA CCC CCA GT 95°C—10 s; 59°C—30 s; 72°C—30 s 416 pb

Reverse GTG CTT CAG CCT CAA GGT TC

HOXA3 (3200) Forward ACT AGC CCA GGC AGA GCC 95°C—10 s; 58°C—30 s; 72°C—30 s 374 pb

Reverse GTA GGG TTG TTG CTG GCA TT

HOXA4 (3201) Forward GAA GAA GAT CCA TGT CAG CG 95°C—10 s; 58°C—30 s; 72°C—30 s 656 pb

Reverse GGA ACT CCT TCT CCA GCT CC

HOXA6 (3203) Forward AAA GCA CTC CAT GAC GAA GG 95°C—10 s; 58°C—30 s; 72°C—30 s 493 pb

Reverse CAT GGC TCC CAT ACA CAG C

HOXA9 (3205) Forward AAT GCT GAG AAT GAG AGC GG 95°C—10 s; 58°C—30 s; 72°C—30 s 143 pb

Reverse GTA TAG GGG CAC CGC TTT TT

HOXA13 (3209) Forward CCT CTG GAA GTC CAC TCT GC 95°C—10 s; 58°C—30 s; 72°C—30 s 211 pb

Reverse GCA CCT TGG TAT AAG GCA CG

lncRNA HOTTIP
(100316868)

Forward CCT AAA GCC ACG CTT CTT TG 95°C—10 s; 58°C—30 s; 72°C—30 s 142 pb

Reverse TGC AGG CTG GAG ATC CTA CT

(Continues)
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culture dishes and maintained in a humidified atmosphere

containing 5% CO2 at 37°C. The cells were divided into three

groups: normotension cultures (Normo) exposed to a rotating

frequency of 100 rpm for 24 h, “hypertension” cultures (Hyper)

exposed to a rotating frequency of 200 rpm for 24 h, and a return

group where the rotating frequency was returned to normotension

(100 rpm) for an additional 24 h.

The shear stress was calculated using the equation: τmax=α√ρη

(2πʄ)³, where τmax represents the shear stress (in Pascal), α is the radius

of orbital rotation (12 cm− radius of the SK‐O180‐pro digital orbital

shaker), ρ is the density of the cell culture medium (937.5 kg/m3), η is the

viscosity of the cell culture medium (7.5 ×10−4 Pa s), and ʄ is the

frequency of rotation. With this calculation, a shear stress of

approximately 3Pa was achieved at a rotating frequency of 100 rpm,

which falls within the range of physiological arterial shear stress

(approximately 1–4Pa, Normotension). A rotating frequency of

200 rpm (~9Pa) was applied to mimic hypertension shear stress

conditions in vitro (Cao et al., 2017).

2.3 | Messenger RNA (mRNA) isolation and qPCR

Total mRNA was isolated from three independent experiments using

Ambion TRIzol Reagent (Life Sciences, Thermo Fisher Scientific Inc.).

Reverse transcription was performed using the High‐Capacity cDNA

Reverse Transcription Kit (Applied Biosystems) in a thermal cycler

(QuantStudio® 3 Real‐Time PCR, Thermo Fisher Scientific), following

the manufacturer's instructions.

RT‐PCR was employed to examine the expression of core

constituents involved in histone modifications, DNA methylation, and

the HOXA13 gene in HUVEC cells subjected to a circuit of orbital shear

stress‐induced tension forces. Real‐time PCR was performed using

PowerUpTM SYBR™ Green Master Blend (Applied Biosystems). The

relative expression levels of specific genes (listed in Table 1) were

normalized using a combination of three reference genes (18S, β‐ACTIN,

and GAPDH) employing the ΔΔCT method. The normotension group

(Normo) served as the reference group for comparison.

2.4 | Analysis of 5‐methylcytosine (5‐meC) and
5‐hydroxymethylcytosine (5‐hmeC) content

The genomic DNA for analysis of 5‐meC and 5‐hmeC content on the

HOXA13 gene promoter was purified from three independent

experiments using phenol/chloroform/isoamyl alcohol extraction.

The concentration of the genomic DNA was measured using the

Nanodrop ND‐1000. To distinguish between DNA methylation and

hydroxymethylation, the genomic DNA was treated with T4‐β‐

glucosyltransferase (T4‐BGT) (New England Biolabs), which adds a

glucose moiety to 5‐hmeC (genomic DNA [gDNA]). For each sample,

TABLE 1 (Continued)

Gene (ID) Primer 5′–3′ Sequence Reactions condition Product size

DNMT1 (1786) Forward AGG ACC CAG ACA GAG AAG CA 95°C—15 s; 60°C—30 s; 72°C—30 s 201 pb

Reverse GTA CGG GAA TGC TGA GTG GT

DNMT3A (1788) Forward AGG AAG CCC ATC CGG GTG CTA 95°C—15 s; 60°C—30 s; 72°C—30 s 225 pb

Reverse AGC GGT CCA CTT GGA TGC CC

DNMT3B (1789) Forward TCG ACT TGG TGG TTA TTG TCT G 95°C—15 s; 60°C—30 s; 72°C—30 s 129 pb

Reverse TCG AGC TAC AAG ACT GCT TGG

TET1 (80312) Forward GCC CCT CTT CAT TAC CAA GTC 95°C—15 s; 60°C—30 s; 72°C—30 s 211 pb

Reverse CGC CAG TTG CTT ATC AAA ATC

TET2 (54790) Forward GGT GCC TCT GGA GTG ACT GT 95°C—15 s; 60°C—30 s; 72°C—30 s 245 pb

Reverse GGA AAA TGC AAG CCC TAT GA

TET3 (200424) Forward GGT CAG GCT GGT TTA CAA CG 95°C—15 s; 60°C—30 s; 72°C—30 s 198 pb

Reverse GGC ATA GAC CCA CAC ACA TCT

GAPDH (2597) Forward AAG GTG AAG GTC GGA GTC AA 95°C—10 s; 58°C—30 s; 72°C—30 s 345 pb

Reverse AAT GAA GGG GTC ATT GAT GG

b‐actin (60) Forward GCA CAG AGC CTC GCC TT 95°C—10 s; 58°C—30 s; 72°C—30 s 253 pb

Reverse GTT GTC GAC GAC GAG CG

18S (100008588) Forward CGG ACA GGA TTGACA GAT TGA TAG C 95°C—10 s; 60°C—30 s; 72°C—30 s 118 pb

Reverse TGC CAG AGT CTC GTT CGT TAT CG

Abbreviations: GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; lncRNA, long noncoding RNA.
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three tubes containing 400 ng of gDNA were treated with 1X NE

buffer, 40mM UDP glucose, and T4‐BGT (1 unit) to a final volume of

40 μL. The samples were incubated at 37°C for 1 h, followed by

10min at 65°C. Subsequently, the samples were digested with MspI

or HpaII restriction enzymes (New England BioLabs), or H2O (control)

according to the manufacturer's instructions.

Following digestion, gene‐specific methylation analysis was

performed in a total volume of 10 μL, comprising PowerUp™ SYBR™

Green Master Mix 2x (5 μL) (Applied Biosystems), 0.5 μM of each

primer, treated gDNA, and nuclease‐free H2O. The primer sequences

(F: 5′‐AGTACATTTGGCCGTTCCAG‐3′; R: 5′‐CTTCTACCACCAGGG

CTACG‐3′) were designed on regulatory regions such as DNaseI

hypersensitivity clusters sites, layered by histone modification marks,

CpG regions, and transcription factor binding sites. Primer design and

analysis software, along with secondary structure analysis and

annealing temperature determination, were performed using the

Beacon Designer, Free Edition (http://www.premierbiosoft.com/)

(Yoon et al., 2006). The sequences and chromosome location were

confirmed using in silico PCR (https://genome.ucsc.edu/). The data

were expressed as the percentage of the mean ± standard ratio

between 5‐meC and 5‐hmeC marks obtained from three independent

experiments.

2.5 | Western blot

Following the circuit of orbital shear stress‐induced tension forces,

HUVECs were washed with ice‐cold phosphate buffered saline (PBS).

Protein extracts were obtained from three independent experiments

using RIPA lysis buffer (Sigma Aldrich Co.) supplemented with

protease inhibitors (Sigma Aldrich Co.) for 1 h on ice. The protein

extracts were then cleared by centrifugation at 13,000g for 15min at

TABLE 2 Antibodies used in the study.

Antibody Code MW (kDa) Research

Primary antibodies

H3K4me3 #9751 17 Rabbit IgG Cell Signaling Tecnology

H3K9me3 #13969 17 Rabbit IgG Cell Signaling Tecnology

H3K27me3 #9733 17 Rabbit IgG Cell Signaling Tecnology

H3K9ac #9649 17 Rabbit IgG Cell Signaling Tecnology

H3K27ac #8173 17 Rabbit IgG Cell Signaling Tecnology

H3 #4620 17 Rabbit IgG Cell Signaling Tecnology

SET1 #61702 300 Rabbit IgG Cell Signaling Tecnology

HAT1 SAB4503405 49 Rabbit IgG Cell Signaling Tecnology

SUV39 #8729 48 Rabbit IgG Cell Signaling Tecnology

EZH2 #5246 98 Rabbit IgG Cell Signaling Tecnology

PCAF #3378 93 Rabbit IgG Cell Signaling Tecnology

HDAC1 #5356 62 Mouse IgG1 Cell Signaling Tecnology

HDAC2 #5113 60 Mouse IgG1 Cell Signaling Tecnology

HDCA3 #3949 49 Mouse IgG2a Cell Signaling Tecnology

p‐HDAC #3443 – Rabbit IgG Cell Signaling Tecnology

KDM4A #5328 – Rabbit IgG Cell Signaling Tecnology

KDM5B #3273 – Rabbit IgG Cell Signaling Tecnology

KDM6B #3457 – Rabbit IgG Cell Signaling Tecnology

HOXA13 ab172570 40 Rabbit IgG Abcam

GAPDH #5174 37 Rabbit IgG Cell Signaling Tecnology

Secondary antibodies

Anti‐Mouse—Alexa Fluor 594 – IgG Invitrogen/Molecular Probes

Anti‐Rabbit—Alexa Fluor 594 – IgG Invitrogen/Molecular Probes

Anti‐Mouse—HRP #7076 – IgG Cell Signaling Tecnology

Anti‐Rabbit—HRP #7074 – IgG Cell Signaling Tecnology

Abbreviations: HRP, horseradish peroxidase; IgG, immunoglobulin G.
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4°C, and the supernatant was stored on ice. The protein concentra-

tions were determined using the Lowry protein assay (McCabe

et al., 2012). An equal volume of 2x SDS gel loading buffer (100mM

Tris‐HCl, pH 6.8, 200mM β‐mercaptoethanol, 4% SDS, 0.1%

bromophenol blue, and 20% glycerol) was added to the protein

samples, which were then boiled for 5min. Equal amounts of protein

(75 μg) were loaded onto SDS‐PAGE and transferred onto PVDF

membranes (Millipore).

The membranes were blocked in 2.5% fat‐free dried milk in Tris‐

buffered saline (TBS) with 0.05% Tween 20 (TBST) and incubated

overnight at 4°C with the appropriate primary antibodies (refer to

Table 2). After washing with TBST, the membranes were incubated

with the appropriate HRP‐linked secondary antibodies at a dilution of

1:5000 in the blocking buffer for 1 h. Immunoreactive bands were

detected using an enhanced chemiluminescence kit.

2.6 | Laser scanning confocal microscopy

For confocal microscopy analysis, glass coverslips were positioned in

the peripheral area of modified 100‐mm culture dishes and sterilized

under UV light for 15min. After the orbital shear stress‐induced

tension forces protocols, the cells were washed with PBS, fixed in 4%

paraformaldehyde in PBS, and permeabilized with PBS containing

0.2% Triton‐X 100 and 1% BSA at 37°C for 30min. The cells were

then incubated with specific primary antibodies at the recommended

concentration by the manufacturer for 1 h. After washing with PBS to

remove the primary antibodies, the cells were stained with Alexa

Fluor 594 anti‐rabbit or mouse immunoglobulin G antibody (Invitro-

gen/Molecular Probes) for 1 h for fluorescence analysis. Subse-

quently, the cells were washed, and the coverslips were mounted on

glass slides using Fluorosield with 4′,6‐diamidino‐2′‐phenylindole

dihydrochloride (DAPI) (Sigma Aldrich Co.).

The stained cells were visualized using an inverted laser scanning

confocal microscope (Leica TCS SP5). The acquired images were

analyzed using the LAS AF program to determine the intensity of

nuclear fluorescence. The nuclear area was initially delimited in a grid

acquired from the blue fluorescence channel of the nuclear probe

(DAPI). The LAS AF program then determined the intensity of red

fluorescence within the restricted area of the nuclear bars. This

allowed the relative assessment of protein staining by measuring the

intensity of red fluorescence. The data were expressed as the

average ± standard deviation of nuclear area fluorescence intensity

(red fluorescence) from all cells in the field of view in three

independent experiments.

2.7 | Statistical analysis

All experiments were conducted independently at least three times,

and the results were presented as the mean ± standard deviation.

Statistical analysis was performed using GraphPad Prism 7 software

(GraphPad Software). The analysis of variance test with appropriate

Bonferroni's correction posttest was applied for parametric data,

while nonparametric analysis was utilized for nonparametric data. A

p‐value of less than .05 was considered statistically significant,

representing a two‐sided test of significance. Densitometric analysis

of blots was performed using ImageJ software, and fluorescence

intensity was analyzed using the LAS AF program.

3 | RESULTS

3.1 | Chromatin modifications in response to
laminar shear stress

Endothelial cells exhibit chromatin remodeling and histone modifica-

tions when exposed to shear stress (Wierda et al., 2015). This study

sought to discern the influence of shear stress on chromatin structure

by quantifying the levels of histone lysine modifications, particularly

trimethylation at lysine 4 and 9 (H3K4me3, H3K9me3) and

acetylation at lysine 9 and 27 (H3K9Ac, H3K27Ac). Our findings

indicate a significant decrease in H3K4me3 and H3K9me3 in the

Hyper and Return groups relative to the Normo group (Figure 1a–d).

In contrast, H3K27me3 levels did not differ significantly (Figure 1c),

suggesting that this histone mark is not substantially altered by shear

stress. A noteworthy reduction in acetylation at lysine positions 9 and

27 was also evident in both the Hyper and Return groups

(Figure 1n–p). Table 3 delineates the separate effects of histone

acetylation and methylation marks examined in our study, and

succinctly describes the influence of Laminar Shear Stress on gene

expression regulation.

For a deeper understanding of the mechanisms at play, we

investigated methyltransferases modifying histone H3 at lysine 4 and

9. SET1A is associated with methylation at lysine 4, leading to various

methylation states (Verreault et al., 1998), while SUV39 specifically

trimethylates lysine 9 (Du et al., 2017). EZH2, part of the PRC2/EED‐

EZH2 complex, methylates “Lys‐9” and “Lys‐27,” impacting transcrip-

tional repression (Johnstone, 2002). We measured the expression

and protein levels of SET1A, SUV39, and EZH2 in endothelial cells

under shear stress. Intriguingly, the transcript levels of SET1A and

SUV39 were elevated in the Hyper group compared to the Normo

group (Figure 1e). Only SUV39 transcripts were increased in the

Return group (Figure 1h). Immunoblotting displayed an augmentation

in SET1A (Figure 1f,g) and SUV39 (Figure 1i,j) proteins in the Return

group, while a decrease in SUV39 protein was observed in the Hyper

group. For EZH2, a modest upsurge in gene expression was noted in

the Hyper group (Figure 1k), with a concomitant reduction in protein

content for both the Hyper and Return groups as opposed to the

Normo condition (Figure 1l,m).

Subsequent analysis show a diminished protein levels of H3K9ac

and H3K27ac in both the Hyper and Return groups (Figure 1n–p).

Focusing on HAT1, known for acetylating new histones in the

cytoplasm (de Ruijter et al., 2003), and PCAF1, a HAT with activity

similar to HAT1 (Huynh & McKinsey, 2006), we noted a significant

transcript reduction for both in the Return group (Figure 1q,r).
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F IGURE 1 Chromatin‐modifying metabolism genes and histone lysine modification profile in response to shear stress intensities. Equal
amounts of total protein (50 μg) from cell lysates were loaded per lane and subjected to immunoblotting using specific antibodies. A
representative immunoblot from three independent experiments is shown, and densitometric analysis was performed to determine the relative
intensity ratio of histone 3 methylation and acetylation marks to total histone 3, as well as the protein content ratio to GAPDH. The results
demonstrate variations in the trimethylation profile of histone 3 (H3) at lysine 4, 9, and 27 (a–d), as well as the acetylation levels at lysine 9 and
27 (n–p). The constituents involved in these processes at the specific sites of histone 3 (H3), namely SET1A, SUV39, and EZH2, exhibited distinct
differences in both gene and protein expression levels among the groups (e–m). The enzymes involved in the rapid acetylation of newly
synthesized cytoplasmic histones, HAT1 and PCAF, exhibited varied protein content outcomes but showed similar patterns in gene expression
results (q–v). Gene expression was determined by qPCR analysis, normalized to the expression levels of 18S, β‐ACTIN, and GAPDH genes, and
presented as the mean ± standard deviation of three independent experiments conducted in technical duplicate. The value for the Normo
condition was set as 1 and the relative values obtained for the Hyper or Return groups are presented as fold‐changes. Statistical significance was
determined as *p < .04, **p < .001, ***p < .0002, ****p < .0001 when compared to the control (Normo) group, and p < .04, p < .001,

p < .0002, p < .0001 when compared to the Hyper group. EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit;
GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; HAT1, histone acetyltransferase 1; H3K4me3, Tri‐methylation of lysine 4 on histone H3;
H3K9me3, Tri‐methylation of lysine 9 on histone H3; H3K27me3, Tri‐methylation of lysine 27 on histone H3; H3 total, Total histone 3;
H3K9Ac, Acetylation of lysine 9 on histone H3; H3K27Ac, acetylation of lysine 9 on histone H3; PCAF, lysine acetyltransferase 2B; SETD1A,
SET domain containing 1A, histone lysine methyltransferase; SUV39, suppressor of variegation 3–9 homolog 1.
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Protein analysis yielded contrasting results, with an increase in HAT1

and a decrease in PCAF1 in the Hyper group (Figure 1s–v).

3.2 | Oscillatory shear stress and its impact on
histone deacetylases: Expression, subcellular
localization, and activation

Histone deacetylases (HDACs), crucial for transcriptional regulation,

cell cycle progression, and development, remove acetyl groups from

lysine residues on core histones, leading to epigenetic repression

(Accari & Fisher, 2015). We examined the expression of HDACs in

endothelial cells under various shear stress conditions. Quantitative

PCR revealed that both class I HDACs (HDAC 1–3) and class II

HDACs (HDAC 4–6) were upregulated due to shear stress. Elevated

transcription levels of HDACs 2, 3, 4, 5, and 6 were observed in the

Hyper group, indicating a pronounced response to increased shear

stress. In the Return group, HDACs 1, 2, 4, and 6 also showed

increased transcription, with HDACs 3 and 5 presenting more

modest, yet still significant, changes (Figure 2a–f). Western blotting

confirmed these findings, indicating a slight rise in HDAC1 and a

more pronounced increase in HDAC2 protein levels, while HDAC3

levels decreased in the Return group (Figure 2g–l). Phosphorylation,

known to regulate HDAC activity and localization (Myers et al., 2000;

Zhong et al., 2003), was investigated using confocal microscopy,

revealing enhanced nuclear translocation of phosphorylated HDAC

(p‐HDAC) as seen by the distinctive violet color where nuclear blue

fluorescence (DAPI) overlapped with red fluorescence of p‐HDAC

(Figure 2m). Quantitative analysis with LAS AF programs, after

defining nuclear areas based on DAPI staining, confirmed increased

nuclear p‐HDAC intensity in response to shear stress and in the

Return group (Figure 2n).

3.3 | Modulation of histone demethylase activity in
response to shear stress

To understand the functional roles of proteins, particularly in

nuclear contexts, we investigated the subcellular localization of

histone demethylase family members with specific substrate

affinities. We selected KDM4A (JMJD2A) targeting H3K9me3,

KDM5B (JARID1B) for H3K4me3, and KDM6B (JMJD3) for

H3K27me3 (Qin et al., 2010). Gene expression analysis showed

that JMJD2A increased in the Hyper group but decreased in the

Return group (Figure 3a). JARID1B expression was significantly

reduced in both Hyper and Return groups (Figure 3g), while

JMJD3 increased in these groups compared to normotensive

controls (Figure 3n). Immunofluorescence revealed nuclear

localization for KDM4A, with KDM5B and KDM6B found in both

the nucleus and cytoplasm (Figure 3b,c, 3h,i, 3o,p). KDM5B had

notable nuclear colocalization in the Hyper group (Figure 3h,i),

and KDM6B in the Return group (Figure 3o,p), indicating an

increase in nuclear KDM protein content in response to shear

stress. Pearson correlation analysis revealed a significant inverse

relationship between histone methylation marks and nuclear

KDM content, with correlation coefficients indicating the

strength of these relationships (Figure 3d–f, 3j, 3l,m, 3q–s). To

further comprehend the dynamics of KDMs, we assessed the

actions of histone methyltransferases SUV39, SET1A, and EZH2,

which interact with H3K9me3, H3K4me3, and H3K27me3,

respectively. Comparing the nuclear content of histone demethy-

lases to histone methyltransferases revealed a dominance of

demethylase activity in endothelial cells under high shear stress

(Hyper), suggesting an enhanced demethylation process in these

conditions, contributing to the observed changes in histone

methylation patterns (Figure 3t–v).

3.4 | HOXA13 involvement in endothelial cells
subjected to high shear stress

The role of the HOXA gene cluster, notably in angiogenesis and

tissue repair postinjury, is well‐established (Baubec & Schübeler,

2014; Jenuwein & Allis, 2001). We probed the function of these

homeobox genes under hypertensive conditions by subjecting

endothelial cells to high shear stress and evaluating the expression

of the HOXA cluster through quantitative PCR. Our observations

disclosed varied gene expression within the cluster: HOXA4

TABLE 3 Description of biological effects observed on histone acetylation and methylation marks found in this study.

Histone modifications marks Impact on gene expression
Laminar shear stress
Impact on gene expression

Methylation Hyper Return

H3K4me3 Promotes gene activation Reduced Return to normal

H3K9me3 Promotes activation and silencing Reduced Reduced

H3K27me3 Promotes gene silencing Unchanged Unchanged

Acetylation

H3K9Ac Promotes gene activation Reduced Reduced

H3K27Ac Promotes gene activation Reduced Reduced
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expression escalated (Figure 4b), whereas HOXA6 slightly declined in

cells recovering to normotensive conditions (Return group)

(Figure 4c). Remarkably, HOXA3 expression surged in the Hyper

group, with significant decreased for HOXA9 (Figure 4a and 4d). Of

particular note, HOXA13 gene and protein expression diminished in

cells under high shear stress but increased significantly when

conditions returned to normal (Figure 4e–g).

A parallel profile emerged for the long noncoding RNA, lnc‐

HOTTIP, which decreased expression under high shear stress but

increased in the Return group (Figure 4h). This parallel repression of

F IGURE 2 (See caption on next page).
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lnc‐HOTTIP and HOXA13 under stress conditions underscores their

potential significance in hypertension etiology, meriting further

exploration. These results may offer novel insights into the

mechanisms at play and potential therapeutic avenues.

Delving into the epigenetic aspects of HOXA13, we assessed the

DNA methylation status of its promoter region alongside DNMT

gene expressions. We detected reduced mRNA levels of DNMT1,

DNMT3A, and DNMT3B in the Return group, suggesting shifts in

DNA methylation dynamics (Figure 4i–k). Interestingly, an elevated

expression of DNMT3B mRNA was observed uniquely within the

Hyper group, suggesting a specialized regulatory mechanism ex-

clusive to this DNMT isoform. Focusing on the demethylases, an

examination of TET2 and TET3 regulation revealed that TET2 mRNA

levels were notably increased in the Return group, whereas TET3

mRNA exhibited a decrease. This differential expression underscores

a complex regulation of epigenetic modulators in response to variable

shear stress conditions. Conversely, TET3 mRNA levels were

amplified in the Hyper group (Figure 4l–n). Figure 4o depicts how

histone modifications can modulate DNMT activity, potentially

activating or inhibiting it. Our methylation analysis of the HOXA13

promoter uncovered significant hypomethylation in cells under high

shear stress (Hyper), with a hypermethylation pattern observed upon

returning to normotensive conditions (Figure 4p–s).

Importantly, HOXA13's expression does not appear to trigger

apoptotic cell death pathways nor suppress endothelial function. This

is corroborated by the marked upregulation of the VEGF gene in both

Hyper and Return cultures (Figure S1c), indicative of the maintenance

of a proliferative endothelial phenotype. Additionally, no changes

were noted in the proapoptotic Bax gene expression (Figure S1a),

while the antiapoptotic Bcl2 gene saw a notable increase in the

Hyper group (Figure S1b). To interrogate the interplay between

histone H3 posttranslational modifications and HOXA13 expression,

we conducted a Pearson's correlation analysis (Figure 5). This analysis

aimed to delineate the association between histone modification

levels and HOXA13 expression. We found significant correlations for

both acetylation (Figure 5a,b) and methylation (Figure 5c,d) marks,

with an inverse relationship noted in the Hyper group in contrast to

the direct correlations in the Return group relative to HOXA13

expression.

Summarizing, the data underscore the significant influence of

histone modifications on the behavior of the HOXA13 gene in

endothelial cells responding to shear stress, indicating that these

epigenetic modifications are integral to the mechanosignaling

pathway.

4 | DISCUSSION

Endothelial cells are uniquely positioned at the interface between

blood flow and vascular tissue, serving as a barometer for changes in

hemodynamic forces, particularly under pathophysiological condi-

tions such as hypertension (Chistiakov et al., 2017; Illi et al., 2003).

Despite advances in our understanding, the molecular nuances of

endothelial mechanosignaling remain partially elucidated. Our prior

work has contributed to this knowledge base, revealing the role of

c‐Src kinase in mechanotransduction via a heat shock protein

70‐mediated process and uncovering lnc‐HOTAIR as a mechanosen-

sitive gene (Gomes et al., 2020; Pinto et al., 2019; da Silva et al.,

2020). These findings have informed our exploration into the

epigenetic landscape of mechanosignaling, particularly emphasizing

the HOXA cluster genes and the potential role of lnc‐HOTTIP,

thereby broadening our insights into both developmental biology and

hypertension (Shuai et al., 2016).

Histone modifications, as key epigenetic modulators, orchestrate

the transcriptional responsiveness of endothelial cells to mechanical

stimuli (Jenuwein & Allis, 2001; Narlikar et al., 2002). Our in vitro

model simulating these forces has enabled a detailed examination of

the impact of shear stress on histone acetylation and methylation.

We identified significant epigenetic alterations in endothelial cells

under both elevated shear stress (Hyper) and subsequent return to

normal conditions (Return), revealing a dynamic epigenetic response

to fluctuating mechanical environments.

The interplay between histone acetylation and gene activity is

well‐established, with HATs and HDACs modulating chromatin

F IGURE 2 Changes in protein and gene expressions of histone deacetylases, likewise in subcellular localization and its activation. Gene
expression of HDAC1 to HDAC6 (a–f) was measured by qPCR and normalized to 18S, β‐ACTIN, and GAPDH expression levels. The results were
expressed as mean ± standard of three independent experiments performed in technical duplicate. One representative immunoblot of three
independent experiments is presented (g, i, k) and densitometric analysis are expressed as the relative intensity ratio of GAPDH (h, j, l) revealed
protein content changes of HDAC 1, 2 and 3 mainly in Return group. Images of fluorescence confocal microscopy are representative of three
independent experiments and show the phosphorylated form of HDAC (p‐HDAC) protein subcellular location (m) and the intensity of nuclear
fluorescence was determined using a LAS AF program (n). To infer the histone deacetylases activity, the ratio between the nuclear content of the
active form of HDACs deacetylases, p‐HDAC was shown by the total protein content obtained by the immunoblot of HDACs deacetylases 1, 2
and 3 (o–q) and also the results obtained by the Person's correlation analyzes between the histone deacetylases activity (p‐HDAC/HDAC total
content) and the global levels of acetylation of the H3K9ac and H3K27ac marks (r–w). The value for Normo condition was normalized to 1 and
the relative values obtained to Hyper or Return are shown in fold‐changes. Differences were considered statistically significant when *p < .04,
**p < .001, ***p < .0002, ****p < .0001 when compared with the control (Normo) group; and p < .04, p < .001, p < .0002, p < .0001
when compared with Hyper group. DAPI, 4′,6‐diamidino‐2‐phenylindole dihydrochloride; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase;
HDAC1, histone deacetylase 1; HDAC2, histone deacetylase 2; HDAC3, histone deacetylase 3; HDAC4, histone deacetylase 4; HDAC5, histone
deacetylase 5; HDAC6, histone deacetylase 6; p‐HDAC, phosphorylated form of HDAC.
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accessibility (Sterner & Berger, 2000; Zhang et al., 2015). Our

observations of decreased acetylation (H3K9Ac, H3K27Ac) and

methylation (H3K4me3, H3K27me3) suggest a complex regulation of

chromatin architecture in response to shear stress. Histone methyla-

tion, while not altering the charge of histone tails, significantly affects

their interaction with DNA, with H3K4me3 marking transcriptional

activation sites and H3K9 and H3K27me3 signaling repression (Li

et al., 2017; Vakoc et al., 2005). Notably, the interaction of H3K9me3

with DNMT1 and the antagonistic effect of H3K4me3 on DNMT3A/B

highlight a sophisticated crosstalk between histone methylation and

DNA methylation, which is critical for maintaining or altering gene

expression patterns (Yinglu et al., 2021).

The decrease in H3K4me3 and H3K27me3, potentially driven by the

upregulation of nuclear KDMs in response to oscillatory shear stress,

coupled with the downregulation of DNMT3A/B observed in the Return

group, suggests an adaptive epigenetic landscape conducive to new

methylation patterns, as it is shown by others (Kooistra et al., 2012).

These findings shed light to the complexity of transcriptional regulation

under mechanical stress, underscored by the nuanced interplay of histone

conformations.

F IGURE 3 Gene expression and subcellular localization patterns of constituents with the same function but distinct substrate affinities.
Gene expression analysis of members with affinity to H3K9me3, H3K4me3, and H3K27me3 Substrates (KDM4A, KDM5B, and KDM6B) by
qPCR, Normalized to 18S, β‐ACTIN, and GAPDH expression, and expressed as mean ± standard deviation of three independent experiments (a,
g, n). The intensity of nuclear fluorescence of KDM4A, KDM5B, and KDM6B protein was determined using a LAS AF program (c, i, p) and images
of fluorescence confocal microscopy are representative of three independent experiments and shows the subcellular distribution of KDM4A (b),
KDM5B (h), and KDM6B (o) proteins. Correlation analyzes with the Pearson product moment between the methylation level of the H3K4me3
(d–f), H3K9me3 (j–l), and H3K27me3 (p–r) marks obtained by immunoblotting with the nuclear content of histone demethylase KDMs obtained
by confocal microscopy analysis. Graphical representation of the ratio between the protein content of the histones demethylases and histone
methylase specific to the marks H3K9me3 (t), H3K4me3 (u), and H3K27me3 (v). The value for Normo condition was normalized to 1 and the
relative values obtained to Hyper or Return are shown in fold‐changes. Differences were considered statistically significant when *p < .04,
**p < .001, ***p < .0002, ****p < .0001 when compared with the control (Normo) group; and p < .04, p < .001, p < .0002, p < .0001
when compared with Hyper group. GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; KDM4A, lysine demethylase 4A; KDM5B, lysine
demethylase 5B; KDM6B, lysine demethylase 6B.
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Our research builds on existing murine studies that connect

shear stress with histone modification‐mediated gene expression,

such as VEGF activation and alterations in the renin‐angiotensin

pathway (Gonzalez‐Jaramillo et al., 2019; Illi et al., 2005). We extend

these insights by delineating a broader spectrum of histone

modifications, particularly those occurring through independent

pathways, under the influence of oscillatory shear stress.

The genomic landscape of endothelial cells is intricately regulated by

the balance between histone methylation and acetylation, governed by

the activity of HMTs, HDMs, HATs, and HDACs (Greer & Shi, 2012;

F IGURE 4 (See caption on next page).
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F IGURE 4 HOX profiles and epigenetic machinery in endothelial cell mechanosignaling. The gene expression of the HOX genes, HOXA3, 4, 6, 9, and
13 were performed by qPCR (a–e). One representative immunoblot of three independent experiments (f) and densitometric analysis (g) revels that
HOXA13 also suffered some difference in its protein content. Similar result was observed in the gene expression of the long noncoding RNA HOTTIP (h).
Changes in epigenetic machinery genes are observed in gene expression results of DNMTs 1, 3A and 3B (i–k). Difference in qPCR results of some
enzymes responsible to remove methylated cytosine, TETs, are observed significant for TET2 and TET3 (l–n). Schematic representation of the interaction
between DNA methylation mechanisms and histone changes (o). Methylation level of the HOXA13 promoter region was determined by qPCR through
DNA glucosylation T4‐BGT, followed by MspI and HpaII digestion (p). The relationship of gene expression and DNA methylation status of HOXA13
genes is shown in a graphical correlation format (q–s). The value for Normo condition was normalized to 1 and the relative values obtained to Hyper or
Return are shown in fold‐changes. Differences were considered statistically significant when *p< .04, **p< .001, ***p< .0002, ****p< .0001 when
compared with the control (Normo) group; and p< .04, p< .001, p< .0002, p< .0001 when compared with Hyper group. All results of
gene expression and DNA methylation were expressed as mean± standard of three independent experiments performed in technical duplicate,
normalized by 18S, β‐ACTIN and GAPDH genes expression level. DNMT1, DNA methyltransferase 1; DNMT3A, DNA methyltransferase 3 alpha;
DNMT3B, DNA methyltransferase 3 beta; HOXA3, homeobox A3; HOXA4, homeobox A4; HOXA6, homeobox A6; HOXA9, homeobox A9; HOXA13,
homeobox A13; HOTTIP, HOXA distal transcript antisense RNA; TET1, tet methylcytosine dioxygenase 1; TET2, tet methylcytosine dioxygenase 2;
TET3, tet methylcytosine dioxygenase 3.

F IGURE 5 Pearson's correlation involving HOXA13 gene expression and epigenetic marks. Pearson correlation analysis between HOXA13
expression and epigenetic marks of acetylation and methylation were performed using correlation matrices. HOXA13 versus histone acetylation (a) Hyper
and (b) Return; HOXA13 versus histone methylation (c) Hyper and (d) Return. Significant positive correlation between r= .683 and 1.
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Trisciuoglio et al., 2018). Our findings indicate a complex relationship

between gene expression and the protein levels of these epigenetic

regulators, suggesting that the transcriptional inhibition under high shear

stress is mediated through a heightened histone demethylation and

deacetylation activity. The role of HDACs in endothelial differentiation

and the influence of KDM5 family members in maintaining endothelial

homeostasis and cell cycle progression highlight the multifaceted nature

of these epigenetic mechanisms (Hayami et al., 2010; Mokou et al., 2019;

Rössig et al., 2005; Yeh et al., 2019).

In light of the pivotal role of HOX cluster genes in vascular

development and endothelial function, our focused analysis on the

HOXA cluster genes provides valuable perspectives on their

contribution to mechanosignaling (Gorski & Walsh, 2000). Our study

specifically investigates HOXA13, known for its essential role in

vascular integrity and implicated in placental development and

preeclampsia (Shaut et al., 2008a; Stadler et al., 2001; Rambaldi

et al., n.d.). We explored the epigenetic regulation of HOXA13 in

response to shear stress and, while we found no direct correlation

between the methylation status of its promoter and expression, we

observed a positive correlation between histone modifications and

chromatin structure, reinforcing the notion that epigenetic remodel-

ing is a crucial factor in transcriptional regulation (Jenuwein &

Allis, 2001; Narlikar et al., 2002).

The connection between chromatin modifications and transcrip-

tional repression patterns is further supported by the association of

HOXA13 with the long noncoding RNA (lncRNA) HOTTIP. Our data,

alongside previous studies, suggests that HOTTIP plays a significant

role in regulating HOXA gene expression, including HOXA13,

through the recruitment of the WDR5/MLL complex (Sang

et al., 2016; Wang et al., 2011). This study, therefore, contributes

to the expanding understanding of transcriptional regulation within

the endothelial context, particularly under the modulating influence

of oscillatory shear stress.

Finally, the Figure 6 summarizes the key findings. Overall, this

study shows the first demonstration that endothelial cells subjected to

laminar shear stress exhibit a significant reduction in HOXA13 protein

levels. Additionally, we have shown that the epigenetic landscape of

these cells adapts to mechanical stress by modifying histone markers:

specifically, there is a decrease in both the methylation levels of

H3K27me3 and H3K4me3, as well as the acetylation of K9 and K27

residues. Our data suggest an intricate process of epigenetic

regulation, notably histone modification and its consequent effect on

chromatin structure and gene expression in endothelial cells under

increased shear stress. This study is the inaugural report of the

significant role these epigenetic alterations play in modulating

HOXA13 gene activity, potentially in concert with the lncRNA

HOTTIP. Of course, the implications of these findings extend beyond

basic science, underscoring the necessity for advanced preclinical

studies to further elucidate the physiological functions of HOXA13

within vascular biology. Such investigations are particularly relevant for

F IGURE 6 Schematic representation of the molecular effects of lamia shear stress on endothelial cells. Here we demonstrate that the
laminar mechanical challenge under hypertensive conditions causes changes in the protein content of the acetylation (H3K4Ac, H3K27Ac) and
trimethylation (H3K4me3, H3K4me3, and H3K27me3) and HOXA13 protein content, which in turn seems to be mediated by the imbalance of
the protein content of the enzymes involved in the acetylation/deacetylation processes (HAT1, PCAF, and HDACs) as well as the enzymes
involved in the methylation of lysine residues (SET1A, EZH2, and SUV39).
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understanding the pathogenesis of hypertension and could inform the

development of novel therapeutic strategies.
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