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Abstract

Cell plasticity is important in development and tissue remodeling. Cells can sense physical and 

chemical cues from their local microenvironment and transduce the signals into the nucleus to 

regulate the epigenetic state and gene expression, resulting in a change in cell phenotype. In this 

review, we highlight the role of mechanical cues in regulating stem cell differentiation and cell 

reprogramming through the modulation of histone modifications. The effects of various 

mechanical cues, including matrix stiffness, mechanical stretch, and shear stress, on cell fate 

during tissue regeneration and remodeling will be discussed. Taken together, recent work 

demonstrates that the alterations in histone modifications by mechanical stimuli can facilitate 

epigenetic changes during cell phenotypic switching, which has potential applications in the 

development of biomaterials and bioreactors for cell engineering.
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Introduction

Cells exhibit remarkable plasticity to mediate tissue regeneration or restoration of 

homeostasis after injury. Cellular plasticity includes the interconversion of different cells by 

reprogramming, stem cell differentiation, transdifferentiation, dedifferentiation, and 

phenotypic transition of differentiated cells [1]. These changes in cell fate can be regulated 

by a variety of microenvironmental factors or induced by forced expression of 

transcriptional factors [2]. In addition to biochemical cues, mechanical stimuli such as 

substrate stiffness, mechanical stretch and fluid shear stress not only elicit immediate 
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responses in cells but also induce long-term changes in epigenetic state and cell phenotype 

through biophysical and biochemical modulation of the nucleus and chromatin (Figure 1) 

[3–5]. Highly ordered chromatin structures, consisting of densely packed heterochromatin 

and less condensed euchromatin regions, can be regulated by several epigenetic 

modifications on the amino acid residues of histones, including acetylation, methylation, 

phosphorylation, ADP-ribosylation, sumoylation and ubiquitination [6,7]. The acetylation of 

histones generally facilitates chromatin decondensation and gene activation [8]. Methylation 

of histones at lysine or arginine may induce either a more open or closed chromatin 

structure, depending on the site of methylation [9]. In addition, histone phosphorylation 

regulates chromosome condensation and gene activation [10]. Other histone modifications 

such as ADP-ribosylation and sumoylation can activate and repress gene activation, 

respectively, and histone ubiquitination is typically involved in chromatin dynamics, 

transcriptional regulation and DNA repair [11–13]. Furthermore, DNA methylation results in 

transcription silencing [14]. Altogether, these epigenetic modifications on histones and DNA 

can alter the on-and-off state of genes, as summarized in Box 1. In this review, we will focus 

on how mechanical factors such as matrix stiffness, mechanical stretch and shear stress 

modulate histone modifications to regulate cell plasticity.

Regulation by Stiffness of Cell Adhesion Substrates

In tissues and organs, the stiffness of the extracellular matrix (ECM) changes dynamically. 

Cells, either local or recruited to the site, can sense and respond to the matrix stiffness 

stimuli by altering their cell behavior, as is evident during cancer cell migration [15], 

macrophage polarization [16] and stem cell differentiation [17]. Recent studies have shown 

that ECM stiffness plays an important role in stem cell differentiation and cell 

reprogramming through the modulation of histone modifications and DNA methylation 

(Table 1) [18].

Soft matrices (less than 2 kPa) promote global histone acetylation to facilitate cell lineage 

transitions. For example, during the differentiation of resident liver stem cells into 

hepatocytes, soft substrates increased the acetylation of histone H3 at lysine 9 (H3K9Ac, 

known to be an active chromatin modification) and decreased the trimethylation of histone 

H3 at lysine 4 (H3K4me3) and lysine 27 (H3K27me3); these early epigenetic modifications 

at the HNF4α promoter enhanced differentiation [19]. The reprogramming of mesenchymal 

stem cells (MSCs) into induced pluripotent stem cells (iPSCs) occurred faster and more 

efficiently on a soft matrix, as a result of inducing cytoskeletal and nuclear changes that 

enhanced histone acetylation, more specifically H4K16Ac [20]. Similar results were found 

during the reprogramming of fibroblasts into iPSCs, which was attributed to possible 

suppression of stress fiber formation in cells cultured on soft substrates [21]. One possible 

mechanism is that soft matrices can promote global acetylation by increasing the expression 

of histone acetyltransferase 1 (HAT1) while, at the same time, decreasing the expression of 

histone deacetylase 1 (HDAC-1), as has been shown during the conversion of dermal 

fibroblasts into insulin-producing cells [22]. However, it has also been reported that human 

MSCs cultured on stiff surfaces (i.e. higher than 25 kPa) had an elevated expression of 

HAT1 and a lower expression of HDACs 1, 2, and 3, thereby inducing the nuclear 

localization of Yes-associated protein (YAP), a mechanosensitive transcription factor. In 
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hepatic stellate cells, stiff surfaces activated p300, a histone acetyltransferase, and p300-

dependent acetylation via H3K27ac [23]. Whether this discrepancy of HAT1/HDAC 

expression and histone acetylation represents a cell type-dependent response to stiffness 

requires further investigation.

Another interesting question is whether stiffness-induced histone modifications is sustained 

or easily reversible by dynamic changes in stiffness. It appeared that stiff surface-induced 

HAT1 expression in MSCs remained high to maintain histone acetylation levels for days. In 

addition, following one day of culture, softening the substrate from 32.7 kPa to 5.5 kPa 

resulted in a gradual decrease in histone acetylation, but the overall level was still higher 

than soft surfaces after five days [24]. It is likely that both the starting stiffness and the 

length of exposure affect histone modifications and thus, cell phenotype changes, and it is 

worthwhile to determine the minimum time period required to induce long-lasting histone 

modifications under different scenarios.

Besides histone acetylation, histone methylation at specific sites may also be regulated by 

substrate stiffness. For example, colorectal adenocarcinoma cells on a 0.4 kPa soft matrix 

had much lower H3K4me3 levels compared to those on a stiff surface [25], and human 

fibroblasts on stiff matrices (> 50 kPa) had higher levels of H3K9me2/3 [26]. In addition, 

soft matrices (60 kPa) significantly enhanced the phosphorylation of H3 histone to enhance 

the mesoderm differentiation of human embryonic stem cells, in comparison to stiff matrices 

(400 kPa) [27]. Despite the evidence that stiffness modulates histone acetylation and 

methylation, currently, there is still limited information on how stiffness regulates histone 

ubiquitination, ADP-ribosylation and sumoylation.

Apart from histone modifications, there is also evidence to suggest that DNA methylation is 

regulated by matrix stiffness. For example, both umbilical artery smooth muscle cells 

(SMCs) and alveolar epithelial adenocarcinoma cells on a matrix around 20kPa had lower 

DNA methylation levels than a soft matrix [25,28]. In contrast, fibroblasts on a soft matrix 

(1 kPa) had significantly lower DNA methylation levels than those on a stiff plastic surface 

[22]. Further investigation into the effects of stiffness on DNA methylation will aid to reveal 

whether stiffness regulation of DNA methylation is cell-type dependent.

Effects of Mechanical Strain

Mechanical strain caused by the deformation of the ECM, either a static or repetitive stretch/

compression, can be sensed by cells in various tissues, such as fibroblasts in ligaments [29], 

neuroepithelial cells in the lung [30], muscle cells in the heart and blood vessel, and resident 

stem cells in the dental pulp [31]. This biophysical factor has also been shown to influence 

cell differentiation and reprogramming by regulating the epigenetic state (Table 2).

An early study demonstrated that elongated MSCs had lower HDAC activity and that a static 

compression or stretch perpendicular to the long axis of the cells further deceased HDAC 

activity [32]. However, in oligodendrocyte progenitor cells (OPC), biaxial static stretch 

caused an increase in HDAC11 expression and the global deacetylation of H3K14Ac, an 

active promoter state, which promoted oligodendrogenesis [33]. It remains to be determined 
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whether uniaxial and biaxial stretch have differential effects and whether these are cell type-

dependent responses. In addition, there is evidence that uniaxial static stretch can regulate 

histone phosphorylation. For instance, histone 3 phosphorylation (H3P) can relax chromatin 

structure, thereby promoting cell division and cell differentiation, and static strain (10-33% 

elongation) induced H3P by activating the Piezo1 ion channel [34].

Cyclic stretch also decreased HDAC1 level in bone marrow MSCs (BMSCs) to modulate the 

histone acetylation of JAG1 promoter, thereby inducing the differentiation of BMSCs into 

osteoblasts [35]. It appears that microRNAs may mediate biaxial stretch-regulation of 

HDAC expression. For example, cyclic strain induced miR-365 to suppress HDAC4 gene 

expression in rat MSCs to facilitate chondrogenic differentiation [36,37]. In contrast to static 

stretch, biaxial cyclic stretching of human adipose-derived stem cells (hASC) resulted in 

decreased H3P, repressed FABP4 expression and impaired adipogenic differentiation [38]. 

These opposing results to those of static stretch may be due to the differences in the stretch 

mode (static and cyclic), axial direction (uniaxial and biaxial) and even the magnitude of 

strain, and therefore, should be further studied.

Cyclic stretch has also been reported to regulate the methylation of histones and DNA to 

enhance cell differentiation. During osteogenic differentiation of both mouse BMSCs and 

human adipose tissue multipotential stromal cell (hAT-MSC), biaxial cyclic stretch reduced 

DNA methyltransferase 3b (DNMT3B) expression and enhanced DNA demethylation on 

CpG islands to promote osteogenesis [39,40]. Additionally, biaxial cyclic stretching of 

BMSCs downregulated H3K9me3 to promote BMSC differentiation into fibroblasts [41]. In 

epidermal progenitor cells (EPCs), biaxial cyclic stretch induced the enrichment of Emd, a 

mechanosensory complex of emerin, at the outer nuclear membrane, leading to a switch 

from a permanent repression signal (H3K9me3) to a temporary repression signal 

(H3K27me3) occupancy at constitutive heterochromatin, which directly affected the 

precocious lineage commitment [42].

Shear Stress Effects

To date, the effects of shear stress stimulation have been mainly studied on endothelial cells 

(ECs) of the blood vessel as hemodynamic forces play an important role in the homeostasis 

and remodeling of vascular wall. Different modes of shear stress have been shown to 

regulate histone modification and cell plasticity (Table 3).

During angiogenesis, low shear stress (less than 5 dyne/cm2) increased matrix 

metalloproteinase-14 (MMP14) expression through the phosphorylation of HDAC1 in ECs, 

and induced thrombomodulin expression by increasing the levels of H3K4me3 and 

H3K27ac, which enabled EC growth and migration for angiogenesis [43,44]. In addition, 

steady shear flow is able to induce H2B acetylation in hESC by CFL2/F-actin cytoskeletal 

reorganization to consolidate the primed state of cells [45].

High shear stress (HSS) (≥10 dyne/cm2), either steady or pulsatile, has profound effects on 

vascular remodeling [46]. Pulsatile shear stress (PS) is thought to maintain cell homeostasis 

and protect blood vessels from atherosclerosis. For instance, PS enhanced H3K27ac through 
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KLF4, which contributed to Ca2+-dependent activation of endothelial nitric oxide synthase 

(eNOS) and EC homeostasis [47]. In addition, HSS can regulate the expression of the 

polycomb methyltransferase EZH2. Steady laminar shear stress at 20 dynes/cm2 decreased 

the expression of EZH2 and a repressive epigenetic mark H3K27me3, leading to a 

suppression of endothelial inflammatory factors [48,49].

HSS also can regulate cell phenotype through DNA methylation. DNMT1 has been shown to 

regulate arterial vascular remodeling and arteriogenic capacity. In a femoral artery ligation 

model, collateral artery segments exposed to increased steady shear stress exhibited 

increased DNMT1 expression and a global DNA hypermethylation, accompanied by a 

DNMT1-dependent reduction in proatherogenic monocyte adhesion [50].

Conclusions & Future Directions

Dynamic changes in the tissue microenvironment provide mechanical cues that continuously 

stimulate local cell populations via mechanotransduction pathways and can alter their fate 

and function through the modulation of the epigenetic state. Recent work improved our 

understanding of the epigenetic mechanisms in response to mechanical stimuli. This 

emerging area of physical genomics will have broad impact on the development of novel 

materials and new approaches for tissue repair and disease therapies.

In this review, substrate stiffness, mechanical strain and shear stress were selected to 

exemplify the mechanical regulation of epigenetic state. It is worth noting that many other 

mechanical stimuli, although not widely studied, also have effects on epigenetic 

modifications. For example, cyclic hydrostatic pressure activates HDAC4 in osteoarthritis 

chondrocytes [51]; persistent pulmonary hypertension decreases H4K12ac and increases 

H3K9me3, which downregulates eNOS in pulmonary artery ECs [52]; and when a T cell 

passes through a constriction space, the resulting nuclear deformation enhances H3K4me3 

[53]. Although there are cumulative findings on the mechanical regulation of epigenetic 

state, further studies are needed to integrate the information and put together different pieces 

of the puzzle.

First, how do these mechanical factors, alone or in combination, regulate global and site-

specific epigenetic changes? While in-depth studies on certain genes and pathways will 

provide mechanistic insight, genome-wide analysis such as chromatin accessibility and DNA 

methylation will help us profile epigenetic changes and have the whole picture of chromatin 

remodeling. Secondly, are the effects of mechanical factors on histone/DNA modifications 

dependent on cell type or cell-state? The expression of receptors and signaling molecules, 

especially those involved in mechanotransduction, may vary in different cells, which can 

result in variations in epigenetic modifications. In addition, the different epigenetic 

landscape in euchromatin and heterochromatin in different cell types will also affect the 

remodeling of chromatin. Single cell analysis is needed to elucidate the heterogeneous 

responses to mechanical factors. Thirdly, are there any common mechanotransduction 

mechanisms that account for the various epigenetic changes? For example, the mechanical 

structure of cells such as focal adhesions, cytoskeleton and nuclear matrix, some of the 

transcriptional factors, and biophysical properties of the nucleus such as shape, size and 
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deformation may have similar responses to various mechanical stimuli in different cell types. 

Furthermore, it is important to elucidate how mechanical factors regulate the translocation of 

transcriptional factors and chromatin modifying enzymes between cytosol and nucleus. For 

example, there is evidence that force can stretch the nuclear pores to facilitate the transport 

of YAP into nucleus [54]. These mechanotransduction mechanisms may control a variety of 

epigenetic modifications and cell functions [55–57], and the understanding of these 

universal mechanisms will help formulate an overarching theory in physical genomics.

The advancement in biotechnology offers many start-of-art tools to dissect mechanical 

regulation of epigenetic state. High-throughput genomic analysis such as single cell 

sequencing and Transposase-Accessible Chromatin using sequencing (ATAC-seq) can be 

applied to better understand the mechanism of mechanical factor-induced epigenetic and 

transcriptome changes in various biological processes, including cell reprogramming where 

conversion efficiencies are relatively low. Additionally, live cell imaging in combination 

with various biosensor and transgenic cell lines enables real-time tracking of the temporal 

and spatial modifications of histones and DNA. For example, fluorescence resonance energy 

transfer (FRET) with specific sensors can detect histone modifications and chromatin 

reorganization at single cell level [58]. Furthermore, the application of such tools can 

provide new insights into the mechanisms that regulate the cytosolic to nuclear shuttling of 

chromatin modifying enzymes and mechanoresponsive transcription factors to facilitate 

mechanosignaling [56,59,60].

Besides stem cell differentiation and cell reprogramming, mechanical regulation of 

phenotypic changes of various cells has important implications in tissue remodeling and 

disease development. For example, a stiff matrix primes macrophage towards a pro-

inflammatory phenotype with impaired phagocytosis, while a soft matrix primes cells 

towards an anti-inflammatory, highly phagocytic phenotype [61]. In addition, an increase in 

the substrate elastic modulus over the range of 10–200 kPa promotes stronger activation of 

naive CD4 T cells [62]. However, how epigenetic changes contribute to these processes 

awaits further study. Moreover, there are also some studies on the physical regulation of 

cancer cells, although conflicting results have been reported for different cancer cell types. 

For instance, in breast cancer cells, stiff matrices increase AcH3 [63], but in melanoma cells, 

stiffening the matrix promotes H3K9 methylation [64]. Unraveling the biophysical 

regulation of immune cells, cancer cells and many other at epigenetic and phenotypic levels 

will provide novel insights into the mechanisms of tissue remodeling and disease 

pathogenesis.

Biomaterials in the form of scaffolds and micro/nano particles can be engineered to provide 

mechanical cues and regulate the epigenetic state and function of cells. In addition to elastic 

materials, viscoelastic materials can simulate many soft tissues that exhibit stress relaxation. 

Even in cases where cells are cultured on substrates that have the same elastic modulus, cell 

spreading, proliferation, and differentiation are significantly different between viscoelastic 

and elastic matrices. It is still unclear whether cellular responses to viscoelastic and elastic 

substrates will induce different histone modifications and cell signaling pathways [65,66]. 

Furthermore, scaffolds with tunable mechanical properties can induce a change in substrate 

stiffness that is either permanent or dynamic, providing the possibility to control and study 
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reversible or irreversible epigenetic changes. Moreover, many other biophysical factors such 

as topography, three-dimensional structures, and porosity can regulate the epigenetic state 

and cell function [67]. All of these issues require further investigation, and will aid to 

broaden our understanding of the role of mechanical cues in cell plasticity and the 

development of novel materials for tissue regeneration and disease therapies.
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Box 1.

Histone and DNA Modifications

Acetylation transfers acetyl groups from acetyl coenzyme-A to lysine residues of 

histones by acetyltransferase, which is typically catalyzed by the activity of enzymes 

including histone acetyltransferase (HAT) and histone deacetylase (HDAC). Positive 

charges on the histones are removed by acetylation, and hence this reduces the binding 

between the N-terminal of histones and the negatively charged phosphate groups of 

DNA. As a result, the condensed chromatin is transformed into a relaxed structure, 

making it more accessible to the transcriptional machinery.

Methylation adds methyl (CH3) groups to lysine and arginine residues of histones to 

promote a chromatin structure that is either open (euchromatin) or more compacted. 

DNA methylation involves the covalent addition of a methyl group to cytosine or 

adenine. These methyl groups bind into the major grooves of the DNA, inhibit gene 

transcription, and maintain DNA integrity and stability.

Phosphorylation of histones occurs on serine, threonine, and tyrosine amino acids and 

are involved in chromosome condensation and gene activation.

ADP-ribosylation adds one or more ADP-ribose moieties to histone proteins, facilitating 

gene transcription and DNA repair.

Sumoylation covalently links a small ubiquitin-like modifier (SUMO) moiety to a lysine 

residue on histones, which is often associated with transcriptional repression.

Ubiquitination binds ubiquitin to a lysine residue on histones and regulates chromatin 

dynamics, transcriptional regulation and DNA repair.
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Highlights

1. Mechanical cues modulate the epigenetic state to regulate cell function.

2. Matrix stiffness regulates histone modifications during cell phenotype 

transitions.

3. Mechanical stretch and shear stress regulate cell plasticity through histone 

modifications.
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Figure 1. Mechanical cues regulate histone and DNA modifications to modulate cell fate.
Various mechanical stimuli, including substrate stiffness, mechanical stretch, shear stress 

and compression, modulate histone and DNA modifications, which regulates chromatin 

reorganization and cell plasticity.
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Table 1.

Summary of the effects of matrix stiffness on histone modifications and cell phenotype

Stiffness Tested Epigenetic Modification Cell Type Function Ref.

0.4-80 kPa H3K9ac, H3K4me3, 
H3K27me3

liver stem cells Soft substrates increased H3K9ac and decreased H3K4me3, 
H3K27me3

[19]

1.5-15 kPa H4K16ac MSCs Soft substrates enhanced MSC reprogramming into iPSCs [20]

1kPa-plastic HAT-1, HDAC-1 Fibroblast Increase HAT-1, decrease DAC-1 [22]

0.4-25.6 kPa H3K27ac HSCs Stiff matrices increased H3K27AC [23]

5.5-32.7 kPa Histone acetylation hMSCs Histone acetylation increased on stiff gels and sustained for 
days after softening

[24]

0.5-100 kPa Histone deacetylation MEFs HDAC4 expression increased [28]

0.4-25.6 kPa H3K4me3 DLD-1 Reduction of H3K4me3 on softer matrices [25]

1-50 kPa H3K9me2/3 Fibroblast Stiff matrices increased global H3K9me2/3 [26]

60-400 kPa Histone H3 phosphorylation MSCs Soft matrix enhanced Histone H3 phosphorylation [27]

1kPa-plastic DNA methylation Fibroblast Significant decrease in DNA methylation on soft matrices [22]

1-20 kPa DNA demethylation A549 DNA demethylation under stiff matrix conditions [25]

2.16-16.75 kPa DNA methylation HUASMCs Substrate stiffening downregulated DNMT1 and DNA 
methylation

[28]

MSCs: Mesenchymal stem cells; iPSCs: Induced pluripotent stem cells; HSCs: Hepatic stellate cells; hMSCs: Human mesenchymal stem cells; 
MCF10A: Mammary epithelial cells; A549: Human alveolar epithelial adenocarcinoma cells; DLD-1: Colorectal adenocarcinoma cells; MEFs: 
Mouse embryonic fibroblasts; HUASMCs: Human umbilical artery SMCs; B16-F1: Murine melanoma cells.
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Table 2.

Summary of the effects of mechanical stretch on histone modifications and cell phenotype

Stretch Parameters Epigenetic modification Cell type Function Ref.

static uniaxial 20% strain Decrease HDAC activity MSCs Promote histone acetylation [32]

static biaxial 10-15% strain HDAC11, AcH3K14 OPC Promoted OPC differentiation [33]

static uniaxial 10-33% strain Histone H3P Epithelial cell Promoted cell proliferation [34]

0.5Hz, biaxial 10% strain HDAC1, H3Ac BMSC Promoted BMSC differentiation into 
osteoblasts [35]

1Hz, biaxial 10% strain miR-365 downregulated HDAC4 rBMSC Promoted chondrogenesis, upregulated 
ANCN and Sox9 expression [36]

0.5Hz, biaxial 10% strain miR-365 reduced HDAC4 Human 
Chondrocyte

Cartilage degeneration, downregulated 
ACAN [37]

0.5Hz, biaxial 5% strain Histone 3 dephosphorylation hASC Impaired adipogenic differentiation of 
hASC [38]

0.5Hz, biaxial 10% strain Dnmt3b, DNA demethylation mBMSC Promoted osteoblastogenesis [39]

1Hz, biaxial 2.5-15% strain DNA demethylation hAT-MSC GNAS CpG demethylation [40]

0.5Hz, biaxial 10% strain KDM4B, H3K9me3 MSC Promoted MSC differentiation into 
fibroblasts [41]

0.1Hz, biaxial 10% strain Switched H3K9me2,3 to 
H3K27me3 EPC Repressed EPC differentiation and 

downregulated gene expression [42]

MSC: Mesenchymal stem cells; OPC: Oligodendrocyte progenitor cells; hAT-MSC: Human adipose tissue multipotential stromal cell; BMSC: 
Bone marrow-derived mesenchymal stem cells/Bone marrow stromal cell; EPC: Epidermal progenitor cells; hAC: Human articular chondrocyte; 
hASC: Human adipose-derived stem cells.
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Table 3.

Examples of shear stress-regulated histone modifications in cell phenotype

Stimulation Histone/Gene Cell type Function Ref.

Steady interstitial flow HDAC1 phosphorylation ECs Increased morphogenesis, MMP14, and 
angiogenesis

[43]

5 dyne/cm2 steady shear stress H3K4me3, H3K27ac 
activation

HUVECs Increased thrombomodulin expression [44]

Steady shear flow H2B acetylation hESCs Decondensation consolidated the primed state 
of hESCs

[45]

12±4 dyne/cm2 pulsatile shear stress H3K27 acetylation HUVECs Ca2+-dependent eNOS activation, EC 
homeostasis

[47]

20 dyne/cm2 steady laminar shear stress Decrease EZH2 ECs Deceased cell cycle and promoted quiescence [48]

12 dyne/cm2 steady laminar flow Reduces H3K27me3 HUVECs Conferred an anti-inflammatory response [49]

15-30 dyne/cm2 steady shear stress Increase DNMT1 HUVECs Exhibited DNA hypermethylation [50]

ECs: Endothelial cells; ESCs: Embryonic stem cells; HUVECs: Human umbilical vein cells.
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