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ABSTRACT

Cell ecology and its mechanical characteristics have a significant effect on the behavior of cells. Although the bio-
chemical elements of cell signaling have long been the focus of research, recent evidence indicates that physical 
signals play a crucial role in determining the processes in the cell. The present review is an important contribu-
tion to the existing body of knowledge as it explains the complex nature of the interaction between mechanobi-
ology and epigenetics, especially in the area of stem cell fate regulation. Our hypothesis is that mechanical forces 
are bona fide epigenetic architects, which convert physical sensations into hereditary changes in the chromatin 
topography, which form the basis of stem cell identity and differentiation [1-3]. This paper is a synthesis of 
the existing literature on the methods of transducing extracellular matrix (ECM) stiffness, tensile stretch, and 
cellular geometry to nuclear signals directly and indirectly remodelling chromatin. We explore the molecular 
action, spanning the transmission of forces to the nucleus via the LINC complex, and their nuclear deformation 
[4-6] to the direct mechanical perturbation of chromatin architecture, both phase separation and alterations in 
accessibility [7-10]. More importantly, we examine the role of these physical signals in regulating the activity 
and localization of essential epigenetic enzymes, including histone deacetylases (HDACs), histone acetyltrans-
ferases (HATs), and Ten-Eleven Translocation (TET) methylcytosine dioxygenases, and thereby redefining the 
epigenomic state of stem cells [2,11].

We provide an illustrative example of cell type-specific mechano-epigenetic signatures that regulate differen-
tiation, reprogramming, and quiescence through an in-depth analysis of mesenchymal stem cells (MSCs), in-
duced pluripotent stem cells (iPSCs), and hematopoietic stem cells (HSCs) [12-14]. More so, we comment on the 
deep-seated pathological implication of broken mechano-epigenetic signaling on diseases such as fibrosis and 
cancer, where pathological epigenetic remodelling and disease progression are driven by abnormal mechanical 
environments [15-17]. Lastly, we also note the future therapeutic opportunities, including highly biomaterial 
design to CRISPR-based mechano-epigenetic editing, that use this “mechano-epigenetic code” of regenerative 
medicine and disease treatment [18-20]. It is desirable that a paradigm shift be encouraged in this review by 
understanding that physical forces are not just modulators but are the determinants of the epigenetic state and 
cellular fate.
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Introduction
Cells are very sensitive to their surroundings and regularly mix 

biochemical and biophysical signals to make decisions regarding vi-
tal issues for their survival. This has been done at the expense of the 
physical microenvironment, which nonetheless is equally influential. 

The initial investigation of Engler et al. in 2006 [21] provided some 
light on a guiding principle: extracellular matrix (ECM) stiffness on its 
own had the potential to drive mesenchymal stem cell (MSC) differen-
tiation, making mechanobiology one of the central pillars of cell biol-
ogy. This finding brought forth a burst of knowledge in the sensing of 
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physical forces by cells, mainly by integrin-mediated adhesion and cy-
toskeleton tension, and then translated into biochemical signals, com-
monly converging on transcription factors such as YAP/TAZ [22]. But 
the question remains, how do these temporal physical experiences 
get encoded into heritable cellular memories, as directing long-term 
cellular action and fate choices? This basic question is the basis of the 
idea of the so-called mechano-epigenetic code, a language according 
to which the mechanical forces impose permanent epigenetic codes 
on the genome [1,2]. 

Epigenetics, as a science, has concurrently transformed how we 
view the regulation of genes and is able to show how heritable modi-
fications in the expression of genes can be made without necessarily 
having to influence the underlying DNA sequence [23]. Such changes, 
such as DNA methylation, histone changes, and chromatin remodel-
ing, coordinate cell identity and plasticity [24,25]. Although unparal-
leled success has been achieved in the dissection of the enzymes and 
pathways that form and sustain epigenetic marks, the upstream sig-
nals that trigger and regulate these processes have been considered 
mainly through a biochemical prism. The majority of the extant re-
views have therefore either been on either of the two domains (mech-
anotransduction mechanisms: how forces are sensed and transduc-
ed) or on epigenetic regulation (how chromatin is modified), but not 
necessarily in a comprehensive and mechanistic way [3]. This limited 
view leaves a critical gap, especially in the interpretation of complex 
cellular processes such as stem cell differentiation, where environ-
mental cues determine the course of development.

This conclusion praises the thesis that mechanical forces are not 
strict modulators, but bona fide epigenetic regulators, which directly 
and indirectly modify the chromatin pattern to control gene expres-
sion and ultimately define stem cell fate [1-3]. Our hypothesis is that 
the interaction between physical cues and the epigenetic machinery 
constitutes a complex mechano-epigenetic code, which provides cells 
with a system allowing them to transform mechanical data into epi-
genetic memories that are stable and hereditary [12,26]. This feed-
back mechanism is necessary to ensure that the physical environment 
not only teaches epigenetic state but also the ensuing epigenetic 
changes; conversely, it can re-tune the mechanosensing capacity of 
the cell, hence creating a dynamic and responsive system [26,27]. In 
order to establish this complex connection, we shall initiate with the 
basic mechanistic framework describing the processes of transmit-
ting physical forces of the ECM to the nucleus and eventually affect-
ing the architecture of chromatin and activity of epigenetic enzymes 
[1,4,5]. Afterward, we will use it to discuss particular types of stem 
cells, namely, mesenchymal stem cells (MSCs), induced pluripotent 
stem cells (iPSCs), and hematopoietic stem cells (HSCs), to show how 
the mechano-epigenetic code controls their plasticity and fate choice 
[11,14,28]. Next, we will discuss the deep pathologic consequences 
of the failure of aberrant mechano-epigenetic signaling in diseases 
like fibrosis and cancer, where a disturbed mechanical homeostasis 

promotes pathological remodeling of the epigenome and disease 
progression [16,17]. Lastly, we will explore new ideas and directions 
and point out the enormous therapeutic possibilities emerging from 
decoding and manipulating this mechano-epigenetic code to regener-
ative medicine and specific disease protocols, including, but not con-
fined to, the state-of-the-art biomaterial design and state-of-the-art 
CRISPR-based epigenome editing [18-20]. This interdisciplinary view 
is vital in a complete view of cell biology and has tremendous poten-
tial in establishing novel therapeutic options.

Core Mechanistic Framework
These mechanisms are complex signal transduction pathways 

where a complex series of molecular events, beginning with an extra-
cellular mechanical stimulus and ending in an intracellular epigene-
tic modification, occurs. This mechano-epigenetic code demands the 
physical delivery of forces to the nucleus as well as subsequent trans-
duction of such forces into biochemical signals that alter chromatin. 
This process is mediated by a complex net of proteins that preclude 
the notion that the mechanical sensations are only transient cellular 
responses, and can be transformed into long-lasting and hereditary 
epigenetic memories [1,12].

The Transmission of the Force to the Genome

The transmission of the force to the genome occurs via the action 
of transcription factors, which are innate elements of the innate im-
mune system, and via the action of anti-inflammatory cells, which are 
natural arms of innate immunity.is through the action of transcription 
factors, which are natural components of the innate immune system, 
and through the action of anti-inflammatory cells, which are natural 
components of the innate immune system. The first stage in the pro-
cess of transducing ECM-based mechanical signals into epigenetic 
modifications entails the physical transmission of the ECM forces to 
the nucleus [4,5]. This mechanosignaling pathway starts at the cell 
surface and goes deep into the nucleus, ending in chromatin remodel-
ing. Integrins, transmembrane proteins that mediate binding to ECM 
components and link to the intracellular actin cytoskeleton, are the 
main mediators of extracellular mechanical forces [21]. The cytoskel-
eton is a dynamic network of actin filaments, microtubules, and inter-
mediate filaments that forms a tensional network and produces and 
transmits forces throughout the cell [29]. This cytoskeletal prestress 
is essential for cell shape and integrity and is a significant determi-
nant of force relay to the nucleus [29]. As an example, cytoskeletal 
changes in contractility, which can be transduced by Rho GTPases and 
myosin-II, have a direct impact on nuclear tension and deformation 
[30,31].

It is now known that the nucleus, which was traditionally viewed 
as a static organelle, is a mechano-sensitive organelle that is dynam-
ically connected to the cytoskeleton [32,33]. The essential interface 
that supports this linkage is the Linker of Nucleoskeleton and Cyto-
skeleton (LINC) complex [1,4,5,6]. The LINC complex is a cross-link-
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ing complex of the nuclear envelope, a combination of inner nuclear 
membrane (INM) SUN domain proteins and outer nuclear membrane 
(ONM) KASH domain proteins [34,35]. SUN proteins (e.g., SUN1, 
SUN2) attach to nuclear lamins, intermediate filaments, creating a 
meshwork under the INM and chromatin, hence giving them a direct 
connection to the genome [1,4,36]. KASH proteins (e.g., Nesprins) 
are known to interplay with any form of cytoskeleton (e.g., actin fil-
aments, microtubules, intermediate filaments, etc.) in the cytoplasm 
[37]. It is a physical bridge over which forces produced by the cyto-
skeleton may be directly relayed across the nuclear envelope into the 
nuclear lamina and thence to chromatin [4,5,38].

A direct outcome of the transmission of cytoskeletal forces 
through the LINC complex is nuclear deformation, which is a key trig-
ger of downstream epigenetic changes [32,33,39]. Under applied me-

chanical strain, or cells on stiffer substrates show an increase in their 
nuclear stiffness and nuclear deformation [30,31,40]. This mechani-
cal deformity of the nucleus is capable of directly changing the inter-
nal structure of chromatin, as in the following section, and this is an 
immediate mechanical input to the genome [32,41]. The nuclear lam-
ina itself, which is mostly made of Lamin A/C, is a mechanosensor and 
a transducer [42]. The expression and phosphorylation state of Lamin 
A/C are mechanosensitive and highly affect the nuclear stiffness and 
control the accessibility of the chromatin and gene expression in re-
lation to mechanical load [42,43]. The complex combination of these 
components: integrins, cytoskeleton, LINC complex, and nuclear lam-
ina is the so-called mechano-signaling axis, which conveys physical 
signals to the environment on the genome, triggering the writing of 
the mechano-epigenetic code (Figures 1 & 2).

Figure 1: Diagram of the Mechano-Signaling Axis of ECM to Chromatin Remodelling.
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Figure 2: MechanoEpigenetic Vicious Cycles of Fibrosis and Cancer.

This schematic illustration shows a sequence of transduction of 
mechanical forces by the extracellular matrix (ECM) to the nuclear 
genome. Integrin receptors

1.	 That sense extracellular stiffness 

2.	 Bind to the intracellular actin cytoskeleton 

3.	 A signal of cytoskeletal tension and contractility 

4.	 Is relayed across the nuclear envelope via the LINC complex 

5.	 The LINC complex is a complex of SUN (inner nuclear mem-
brane) and KASH (outer nuclear membrane) proteins, which 
physically binds the cytoskeleton with the nuclear lamina 

6.	 The deformation of nuclear lamina 

7.	 Has a direct impact on chromatin organization 

8.	 Resulting in alterations in chromatin compaction, accessibili-
ty, and recruitment/activity of epigenetic enzymes 

9.	 Such mechano-epigenetic changes eventually remodel the 
gene expression program 

10.	 And this has an effect on stem cell fate. This orchestron is 
a primary part of the so-called mechano-epigenetic code, 
which converts physical information into the hereditary epi-
genetic memory.
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Direct Mechanical Action on Chromatin

In addition to the role of mechanically permitting the entry of 
forces into the nucleus, the mechanical cues have direct effects on 
the chromatin, which change its physical characteristics and acces-
sibility. These would be the direct mechanical perturbations, which 
are a major pathway through which physical signals play a role in the 
mechano-epigenetic code [1,3,38]. Not only is the nuclear lamina de-
formation, which is a consequence of cytoskeletal tension, a passive 
effect of the transmission of forces, but it is also an active reorganiza-
tion of chromatin [39,43]. The nuclear lamina intermingles with het-
erochromatin, especially through Lamin-Associated Domains (LADs) 
[44]. The tethering of the peripheral heterochromatin to the lamina 
may be altered due to changes in the mechanical stress or modifica-
tion in the matrix rigidity [43-45]. As an example, soft environments 
have been demonstrated to cause heterochromatin dissociation of the 
nuclear periphery and lead to a more decondensed chromatin state 
and greater access to genes [43]. Stiffer conditions, on the other hand, 
may enhance heterochromatin condensation in the nuclear periphery 
and might prevent accessibility of certain loci of genes [45]. Lamin 
A/C and its integrity play a critical role in this process because they 
prevent the loss of chromatin accessibility during mechanical loading 
[42]. It has been shown that mechanical force can induce genes di-
rectly, not by compression of chromatin, but by stretching of certain 
chromatin domains, which can promote the recruitment of transcrip-
tional machinery [36].

The other interesting feature of direct mechanical effects is the 
new role of chromatin phase separation [7,8]. A macro-environment 
in the cell nucleus is structured and in close proximity, such that dif-
ferent macromolecules, such as chromatin, can also phase separate 
into condensates, which isolate nuclear functions [8]. These nuclear 
condensates have been demonstrated to be induced or remodelled 
by mechanical stress and nuclear deformation, especially the chro-
matin-rich ones [7]. Indicatively, the development of nuclear conden-
sates may be triggered by chromatin compaction during confined cell 
migration and indicates a mechanosensitive mechanism of control of 
chromatin organization [7]. Additionally, phase separation has also 
been postulated to be mechanically frustrated by chromatin as such, 
with the mechanics and formation of such liquid-like structures be-
ing regulated by the physical characteristics of chromatin [46,47]. 
This implies that there is a two-way interaction: the phase separation 
is determined by the state of chromatin, and the phase behavior of 
nuclear components can be altered by mechanical forces or by per-
turbing chromatin [48]. These changes of chromatin structure and 
phase behavior induced by the measures of the mechanical forces can 
directly affect the binding of transcription factors and the accessibil-
ity of epigenetic enzymes, thereby affecting the expression of genes 
(Tables 1-3).

Table 1: Overview of Mechano-Sensitive Chromatin Regions of Stem Cells.

Locus/Target Gene Cell Type Stiffness/Mechanical 
Cue

Epigenetic Mark/
Change Key Findings Reference

Osteogenic loci
Mesenchymal 

Stem Cells 
(MSCs)

Soft (1–3 kPa) H3K27me3 enrich-
ment

Soft matrices induce H3K27me3 enrich-
ment at osteogenic genes, suppressing 

differentiation.
[11]

RUNX2 promoter MSCs Stiff (20–40 kPa) DNA demethyla-
tion

Stiff matrices promote DNA demethyla-
tion at the RUNX2 promoter, activating 

osteogenesis.
[51]

Pluripotency genes iPSCs Soft substrates Histone acetylation 
enhancement

Soft substrates enhance histone acetylation 
at pluripotency-associated genes, facilitat-

ing reprogramming.
[28]

Myogenic genes MSCs Cyclic stretch Chromatin accessi-
bility, H3K9me2/3↓

Cyclic stretch in MSCs leads to increased 
chromatin accessibility and decreased 

repressive histone marks (H3K9me2/3) 
at myogenic genes, promoting muscle 

differentiation.

[40]

Self-renewal genes
Hematopoiet-
ic Stem Cells 

(HSCs)

Bone marrow niche 
stiffness

Mechanosensitive 
DNA methylation 

patterns

Distinct methylation patterns are observed 
in HSCs based on their niche stiffness, 

affecting self-renewal and differentiation 
potential.

[13,14]

Mechanosensitive 
Enhancers

Multiple Cell 
Types Matrix stiffness (various) Chromatin accessi-

bility changes

Identified genomic enhancers that exhibit 
stiffness-dependent changes in accessi-
bility, potentiating cellular responses to 

mechanical cues.

[49,50]

1https://dx.doi.org/10.26717/BJSTR.2026.65.010161


Copyright@ :   Elnaz Abedini| Biomed J Sci & Tech Res | BJSTR.MS.ID.010161.

Volume 65- Issue 2 DOI: 10.26717/BJSTR.2026.65.010161

57413

Table 2: Relative Comparative Mechano-Epigenetic Signatures of Stem Cell Type.
Stem Cell Type Key Mechanical Cues Epigenetic Mechanisms Involved Fate Outcome/Phenotype Reference

Mesenchymal Stem 
Cells (MSCs)

Substrate stiffness (soft 
vs. stiff), cyclic stretch

H3K27me3 enrichment/depletion, 
DNA demethylation (RUNX2), HDAC 

activity, H3K9me2/3 modulation

Soft: Neurogenic/Adipogenic; Stiff: 
Osteogenic; Cyclic stretch: Myogenic [11,12,51,52,54]

Induced Pluripotent 
Stem Cells (iPSCs)

Substrate softness, me-
chanical strain

Histone acetylation, chromatin accessi-
bility, and mechano-osmotic signals

Enhanced reprogramming efficiency, 
maintenance of pluripotency [27,28,58]

Hematopoietic Stem 
Cells (HSCs)

Bone marrow niche 
stiffness gradient

Mechanosensitive DNA methylation 
patterns, chromatin accessibility

Quiescence (soft niche), proliferation/
differentiation (stiffer niche) [13,14,65]

Embryonic Stem 
Cells (ESCs) 

(Extrapolated for 
context)

Substrate softness, con-
finement

Global chromatin decondensation, 
H3K27me3 patterns, nuclear mechan-

ics

Maintenance of pluripotency, directed 
differentiation pathways [26,27]

Table 3: Therapeutic Opportunities in Mechano-Epigenetics.

Disease/Condition Target Mechano-Epigene-
tic Mechanism Therapeutic Strategy Preclinical Evidence/Concept Reference

Fibrosis
Pathological HDAC acti-
vation, DNA methylation 

patterns

HDAC inhibitors, normal-
izing tissue stiffness (ECM 

modulation)

HDAC inhibitors attenuate kidney 
fibrosis [72]; ECM degradation strat-

egies [15,67]
[15,69,71,72]

Cancer Stem Cell Maintenance
H3K4me3 enrichment at 

stemness genes, chromatin 
accessibility changes

Targeting mechano-respon-
sive epigenetic enzymes, 

modulating tumor stiffness

Inhibiting mechano-driven CSC 
self-renewal; ECM-modulating 

drugs [17,77,78]
[17,77,78]

Regenerative Medicine (MSC 
differentiation)

Stiffness-dependent DNA 
demethylation (RUNX2), 

histone modifications

Biomaterial scaffolds with 
tunable stiffness, dynamic 

stiffness platforms

Osteogenic scaffolds for bone repair 
[18, 81]; Neurogenic scaffolds for 

neural repair [21]
[18,75,81]

Reprogramming Efficiency 
(iPSCs)

Softness-induced histone 
acetylation, chromatin 

accessibility

Soft substrate culture, me-
chanical strain application

Increased iPSC generation on soft 
substrates [28,58]; Strain-enhanced 

nuclear transfer [58]
[28,58]

HSC Expansion/Engraftment Niche stiffness-dependent 
methylation for quiescence

Engineered bone marrow 
niches with controlled stiff-

ness

HSC rejuvenation via stiffness con-
trol [14]; Modulating niche stiffness 

ex vivo [13]
[13,14]

Generic Epigenome Editing Locus-specific epigenetic 
modifications

CRISPR-based epigenome 
editing (e.g., dCas9-effector 

fusions)

Programmable transcriptional mem-
ory [19,82]; Cell-type and locus-spe-

cific editing [83,84]
[19,20,83]

Direct measures, including Assay for Transposase-Accessible 
Chromatin using sequencing (ATAC-seq), have given strong evidence 
of the application of forces to alter chromatin accessibility [10,40]. 
It has been demonstrated that nuclear mechanosensing induced by 
temporal stretch, as an example, can coordinate early changes in 
chromatin accessibility, and that mechanical forces can quickly prime 
the epigenome [40]. Research has found that certain regions of the 
genome, such as mechanosensitive enhancers, can change their ac-
cessibility with a change in the stiffness of the matrix [49,50]. These 
domains are genomic “mechano or mechanoreceptors” the opening 
or closing of which, under mechanical force, determines the recruit-
ment of transcription factors and epigenetic modifiers, and hence reg-
ulates gene expression programs. The association between viscoelas-
tic chromatin reorganization and chemo-mechanical environmental 
cues further underlines the use of physical forces in nuclear respons-
es and the pattern of chromatin organization [9]. These immediate 
and dynamic responses of epigenetics to the physical environment 
are essential elements of the mechano-epigenetic code that enable 
these direct effects on chromatin architecture and accessibility.

Mechano-Epigenetic Enzyme Networks

Physical forces have the most direct connection with the epigen-
etic programming because of the power to regulate the activity, local-
ization, and expression of epigenetic modifying enzymes [2,3]. This 
mechanical-to-chemical conversion of mechanical signals by this en-
zyme is the writing of the mechano-epigenetic code. Histone deacety-
lases (HDACs) are proteins that deacetylate histones, typically caus-
ing chromatin to be compact and transcription to be repressed [23]. 
New evidence shows that mechanical cues can directly control HDAC 
activity and localization. As an example, it has been demonstrated 
that using HDAC3 as a mechanosensory regulator, nuclear exporta-
tion occurs in cases of soft matrix conditions [11]. This implies that 
the repression of HDAC3 could be diminished in soft environments, 
resulting in a less repressed chromatin condition and a change in 
gene expression. In contrast, in harsher conditions, HDACs may stay 
nuclear or may be more active, and they would help in the process of 
chromatin condensation and gene silencing, which is involved in the 
process of fibrosis [16]. It has also been seen that mechano-recruit-
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ment of certain HDACs to chromatin can occur, and, therefore, phys-
ical tension is able to directly signal these enzymes to specific loci of 
the genome to form repressive marks [11].

On the other hand, histone acetyltransferases (HATs), which 
acetylate histones and typically cause transcriptional activation, are 
also mechanosensitive [2]. Major HATs, including p300/CBP, have 
played a role in mechano-epigenetic regulation. Nuclear translocation 
and activation of p300/CBP can be induced by mechanical stretch or a 
stiffer substrate, and result in a subsequent increase in histone acetyl-
ation of target genes [2,52]. This mechano-activation of HATs is able 
to help in the opening of chromatin and transcriptional priming of 
genes required to mediate a particular cell fate, like osteogenesis in 
MSCs [52]. Mechanical inputs control the balance between HDAC and 
HAT activity and hence are a key determinant of the epigenetic state 
of the cell and its physical-environment response.

The DNA methylation, mostly of cytosine bases [24], is another 
fundamental epigenetic mark, which is generally associated with 
gene silencing. Active DNA demethylation uses dioxygenases of the 
Ten-Eleven Translocation (TET) family, which oxidize 5-methylcyto-
sine (5mC) to 5-hydroxymethylcytosine (5hmC) and further oxidized 
products [53]. Recent studies show that the activity of the TET en-
zyme can be controlled by the stiffness of the matrix. Indicatively, 
TET activity may be enhanced by more rigidity that results in the de-
methylation of particular gene promoters [53]. It is especially appli-
cable in stem cell differentiation, e.g., the demethylation of the RUNX2 
promoter during osteogenic differentiation on stiff substrates [50]. 
Moreover, the mechanosensitive cellular metabolic state may also 
have a role to play in TET activity, because TET enzymes are cofactors 
in agreement with alpha-ketoglutarate, connecting metabolism, me-
chanics, and epigenetics [53].

Histone methyltransferases (HMTs) and demethylases (HDMs) 
are also becoming recognised as mechanosensitive participants. As 
an example, the histone H3K9 demethylase JMJD2 /KDM4B activates 
osteogenic differentiation of MSCs by regulating H3K9me2 on RUNX2 
[54], and its activity may be potentially affected by mechanical cues. 
Likewise, the presence of EZH2 in polycomb repressive complex 2 
(PRC2) that deposes H3K27me3 is essential in the maintenance and 
differentiation of the stem cell, and its localization or activity may be 
mechanically controlled as observed in the H3K27me3 enrichment 
in osteogenic loci in soft matrices [11]. Mechanical forces precisely 
control these enzymatic networks in space and time to establish a key 
stratum of the mechano-epigenetic code, with cells able to reconfig-
ure their gene expression programs in response to physical changes 
in their microenvironment.

Stem Cell Contexts
Stem cells are the best models to study the “mechano-epigenetic 

code” as they are plastic. Performing a range of cell fates strictly de-
pendent on environmental signals is inherently controlled by a highly 

precise epigenetic program, the precise nature of which we now real-
ize is largely dictated by mechanical signals [11,12,21,52]. The study 
of various stem cell species shows that, despite some common and 
distinct mechano-epigenetic methods of determining fate, there exist 
common strategies of determining fate.

Mesenchymal Stem Cell 

With great dependency on the mechanical characteristics of their 
environment [12,21], mesenchymal stem cells (MSCs) are multipo-
tent cells that may be differentiated to create several lineages, includ-
ing osteoblasts (bone), adipocytes (fat), chondrocytes (cartilage), and 
myocytes (muscle). Engler and colleagues demonstrated that MSCs 
promote differentiation along certain lineages according to substrate 
stiffness: soft (1-3 kPa) and medium (8-15 kPa), correspondingly 
boosting neurogenic, myogenic, and osteogenic differentiation [21]. 
This is a mechanistic teaching closely linked with epigenetic changes 
[11]. On soft surfaces (e.g., 1-3 kPa), MSCs become either neurogen-
ic or adipogenic, usually with a more permissive state of chromatin 
and with repressive histone marks in locus-specific positions of the 
lineage-commitment [11]. Most importantly, soft environments cause 
the enrichment of the repressive histone mark H3K27me3 at osteo-
genic gene loci, effectively silencing the bone differentiation program 
[11]. On the other hand, hard substrates (e.g., 20-40 kPa) encourage 
osteogenesis. It entails a massive DNA demethylation of the promot-
er of major osteogenic transcription factors such as RUNX2 [51]. The 
stiffening of the matrix can trigger TET enzymes, which facilitate the 
demethylation of the process and express RUNX2, which is an import-
ant step in osteoblast differentiation [53]. Mechanical cues determine 
the balance of repressive H3K27me3 and activating DNA demethyla-
tion, which governs MSC fate.

The role of histone methylation is also very critical. There is an 
example of the H3K9 demethylase JMJD2B/KDM4B that facilitates 
osteogenic differentiation by deactivating repressive H3K9me2 on 
RUNX2 [54]. Although the direct mechanical control of JMJD2B/
KDM4B remains to be clarified, it is a possible location of the mech-
ano-epigenetic regulation. Likewise, a constituent of PRC1, Bmi-1, 
epigenetically regulates the balance between osteogenic and adipo-
genic differentiation, and its functioning may be mechanosensitive 
[55]. One current work notes the strong mechanical memory of MSCs 
in which prolonged exposure to a stiff microenvironment results in 
long-lasting chromatin rearrangements, which affect future differ-
entiation capacity [11,12]. Such maintenance of epigenetic marks 
despite the elimination of the original mechanical stimulus indicates 
that mechanical inputs can form a long-term mechano-epigenetic 
code, which controls future cell behavior [12]. The cyclic stretch ca-
pability to induce myogenic differentiation by enhancing chromatin 
accessibility and reducing repressive histone marks (H3K9me2/3) 
of myogenic genes also highlights the dynamic nature of mechanical 
force in the remodelling of MSC epigenetic landscapes [40]. Induced 
Pluripotent Stem Cells (iPSCs) represent a category of stem cells 
linked to the human embryo.
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Induced Pluripotent Stem Cells (iPSCs)

This group of stem cells is associated with the human embryo. 
Induced pluripotent stem cells (iPSCs) are cells with unrivaled re-
generative medicine potential due to their high reprogramming effi-
cacy and stability in epigenetics [56,57]. The epigenetic remodeling 
of somatic cells to iPSCs is an extreme process, one that is being in-
creasingly observed to be modulated by mechanical signals [58,59]. 
Mechano-epigenetic barriers to reprogramming are typically faced 
during the generation of iPSCs. In the reprogramming process, cells 
normally pass through a stiff and differentiated stage to a softer and 
pluripotent state [27,28]. The mechanical environment is import-
ant in eliminating these barriers. It has been demonstrated that soft 
culture surfaces can greatly boost the effectiveness of cellular repro-
gramming by enabling a less restrictive epigenetic condition [28,58]. 
This is mediated, partially, by heightened histone acetylation of plu-
ripotency-linked genes that are on soft substrates [28]. With the help 
of HATs, histone acetylation leads to chromatin decondensation and 
activates gene expression, which is necessary to activate the pluripo-
tency gene network [2].

Besides, mechanical strain per se can enhance nuclear transfer 
reprogramming efficiency by increasing chromatin accessibility [58]. 
This indicates that a more permissible environment for epigenetic 
reprogramming factors can be provided by direct mechanical manip-
ulation of the nucleus, resulting in the establishment of changes in 
chromatin structure [58]. Mechano-osmotic interactions with chro-
matin state have also been mentioned, where the interaction of these 
to control chromatin state and fate transitions in pluripotent stem 
cells suggests that physical cues themselves directly regulate plurip-
otency and differentiation in the cells [26,27]. The inconsistency in 
the literature on the best stiffness to use in the iPSC generation pro-
cess indicates how complicated the process is, with some indicating 
that intermediate stiffness is important in early reprogramming that 
enhances cellular motility and colony formation, and long-term soft-
ness is essential to pluripotency [60]. This indicates that there exists 
a temporal mechano-epigenetic code in which various mechanical 
signals are best at different phases of the reprogramming and main-
tenance process.

Stem Cells for Hematopoiesis (HSCs) 

Found in specialized niches in the bone marrow, the hematopoi-
etic stem cells (HSCs) have their quiescence, self-renewal, and differ-
entiation controlled by the intricate interaction of biochemical and 
biophysical signals [61-64]. The distinctive, heterogeneous stiffness 
gradients found in the bone marrow niche are vital for maintaining 
HSC [13,14]. Mechanical properties of the bone marrow microenvi-
ronment, including matrix stiffness, directly affect HSC fate [13,14]. 
Areas that are less stiff in the niche have been linked to HSC quies-
cence, which is vital in long-term self-renewal [62,63,65]. On the oth-
er hand, the stiffer regions can induce the proliferation and differen-
tiation of HSC. This mechanical control is inextricably connected with 

epigenetic changes. It has been found that unique mechano-meth-
ylation coupling in HSCs exists, in which particular patterns of DNA 
methylation are formed and sustained as a result of the mechanical 
environment at the local scale [14]. As an illustration, it was shown in 
the study conducted by Zhang [47] that the exploitation of the matrix 
stiffness could be utilized to create a bone marrow niche in which the 
HSC would be rejuvenated, suggesting the process of an epigenetic 
modification triggered by mechanical signals [14].

Heterogeneity of stiffness in the bone marrow microenvironment 
is actively involved in the fate decision of the hematopoietic stem and 
progenitor cells, which implies that mechano-epigenetic signaling is 
important to sustain hematopoietic homeostasis [13]. Although the 
exact epigenetic enzymes and target genes of mechano-epigenetic 
regulation of HSCs remain to be studied, it is evident that mechanical 
forces do play a role in the preservation of the delicate balance be-
tween self-renewal and differentiation by acting on DNA methylation 
and possibly histone modifications [14]. Knowledge of this mecha-
no-epigenetic code in HSCs would result in new ways of expanding 
HSCs in vitro or enhancing engraftment in transplantation.

Pathologic and Therapeutic Implications
The complexity of the connection between mechanical forces and 

epigenetic control is not limited to stem cell biology but has far-reach-
ing implications in the pathological mechanism and has enormous 
therapeutic potential. Reading and writing the mechano-epigenetic 
code will provide new approaches in the treatment of disease with 
abnormal tissue mechanics and cellular plasticity [15,66].

Fibrosis as Mechano-Epigenetic Disease

Fibrosis is a disabling disease that involves the overdeposition of 
ECMs and stiffening of tissues due to the excessive deposition of the 
ECM, which is a typical mechano-epigenetic disease [15,69,95]. It is 
motivated by a vicious positive feedback mechanism in which elevated 
tissue stiffness directly triggers the transformation of fibroblasts into 
myofibroblasts to produce more ECM, which consequently increases 
tissue stiffness once more [16,67,68]. This positive feedback loop is 
highly connected to the epigenetic remodeling [69,70]. The dispro-
portionately rigid ECM of fibrotic tissues can incite mechanotrans-
duction signaling, which can cause a change in the epigenetic state 
of resident cells [15,16]. As an example, the augmentation of stiffness 
may advance HDAC functions and nuclear localization [11]. This in-
creased HDAC activity causes more histone deacetylation, which 
causes chromatin condensation and activation of pro-fibrotic genes, 
including collagen synthesis genes [16,67]. Moreover, the patterns of 
DNA methylation may be affected by mechanical inputs, which help to 
maintain the activation of myofibroblasts [69]. The Piezo1 mechano-
sensors, such as those found to contribute to stiffness-stimulated skin 
fibrosis, have positive-feedback looping with Wnt2/Wnt11-CCL24, 
which might mediate epigenetic modifiers [68]. Mechanical tension is 
also sustained as a result of epigenetic alterations, which strengthen 
the fibrotic phenotype to form a vicious cycle [16,67].
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Disrupting this mechano-epigenetic feedback mechanism is a 
promising method of therapy [15,69,72]. Pharmacological epigene-
tic therapeutics, including HDAC inhibitors, have provided a promis-
ing approach to reduce kidney injury and fibrosis by reinstating the 
expression of epigenetically reprogrammed fibrogenic genes [72]. 
Equally, indirectly affecting epigenetic effects can be done by target-
ing the mechanotransducers (e.g., YAP/TAZ) that mediate the stiff-
ness-induced signaling [15,73]. The next generation of therapeutics 
may target direct modulation of the mechano-epigenetic enzymes, or 
the biomaterials may be used to normalize the mechanical environ-
ment and reprogram the fibrotic epigenetic state [18,74,75].

 Cancer Stem Cells

The mechanical properties of the tumor microenvironment 
(TME) are being particularly studied as key factors that determine 
cancer progression, metastasis, and resistance to therapy, especially 
via their effect on cancer stem cell (CSC) biology [17,77,78]. Active 
mechanisms of CSC stemness and plasticity promoted include tumor 
stiffness, which can be much greater than normal tissue, and leads to 
the promotion of particular mechano-epigenetic changes [17,78]. The 
stiff TME increases stem-like characteristics of CSCs in most cancers 
to enable self-renewal, differentiation, and tumor progression and 
recurrence [76]. This type of mechanical feedback is commonly medi-
ated by the sustained stimulation of mechanotransduction signaling, 
including YAP/TAZ, which interconnects with epigenetic regulators 
[17]. As an example, the activation of the histone marks, including 
H3K4me3, related to stemness and proliferation, can be enriched in 
the case of increased tumor stiffness in CSCs [78]. This mechano-epi-
genetic re-programming enables CSCs to retain their undifferentiated 
condition and is a contributor to therapeutic resistance. Furthermore, 
the hardened ECM can modify the chromatin accessibility, which re-
veals certain genomic regions that facilitate CSC survival and drug 
efflux pathways [77].

A promising therapeutic target of this mechano-epigenetic plas-
ticity of CSCs is available [17,77,78]. Some of the strategies involve 
normalization of tumor stiffness to change the mechano-epigenetic 
environment of CSCs, possibly by using agents that break down ECM 
or control fibroblast activity [17,79]. Alternatively, by directly tar-
geting mechano-responsive epigenetic regulators, including defined 
HMTs or HDACs observed to be expressed in CSCs in stiff conditions, 
it is possible to suppress stemness and sensitize CSCs to traditional 
therapies [78]. We could stop tumor progression and enhance patient 
outcomes by interrupting the vicious cycle of tumor stiffness, where 
CSC epigenetic programs are propagated. This model of the disease 
shows that mechanical stiffness and epigenetic reprogramming give 
positive feedback in disease conditions like fibrosis and cancer.

1.	 Fibrosis: 

•	 The first tissue injury causes ECM and hardening of the tis-
sue deposition. 

•	 Stiff ECM activates mechanosensors on fibroblasts, which 
leads to long-term mechanotransduction signals (e.g., the ac-
tivation of Rho/YAP/TAZ). 

•	 These signals lead to the activation of nuclear translocation 
and epigenetic enzymes (e.g., HDACs) that subsequently lead 
to the deacetylation of the histone and condensation of chro-
matin of anti-fibrotic genes and could cause the acetylation 
of pro-fibrotic genes. 

•	 The epigenome is remodelled to promote differentiation of 
fibroblasts to myofibroblasts and production of ECM compo-
nents in higher proportions (e.g., collagen). 

•	 This new ECM deposition causes the tissue to become even 
stiffer, and the cycle proceeds (1→2→3→4→1).

2.	 Cancer:

•	 Desmoplasia and tumor growth result in tumor stiffness. 

•	 Stiff TME activates the mechanosensors of the cancer stem 
cells (CSCs), which promotes the mechanotransduction path-
ways. 

•	 These signals trigger modification of the epigenetic enzymes 
of their histone mark occupations (e.g., augmentation of 
H3K4me3 on stemness genes) and a change in the pattern of 
DNA methylation, which promotes an open chromatin condi-
tion of stemness factors. 

•	 This reprogramming of epigenetics enhances self-renewal, 
plasticity, and therapy resistance of CSC. 

•	 The high activity of the CSC contributes to the further expan-
sion and deposition of the ECM, resulting in the increase of 
the rigidity of the tumor (1→2→3→4→1).

Both of them point to a vicious cycle of the pathological epigenetic 
changes that are driven by mechanical cues, which in turn worsen the 
mechanical environment, thus offering essential objects of therapeu-
tic intervention.

Engineering Applications

The mechanistic insights into the epigenetic landscapes forming 
under the influence of the mechanical clues give unprecedented pos-
sibilities in terms of tissue engineering and the creation of sophis-
ticated biomaterials [18,66,74]. Researchers can effectively write 
specific epigenetic instructions to cells by designing materials with 
highly tuned mechanical properties to direct the outcomes of desired 
fate in regenerative medicine. The principles of scaffold design relat-
ing to the desired epigenetic outcomes are fast evolving [18,66,74]. 
Any biomaterials whose stiffness, porosity, and topography can be 
regulated can be used to recreate the native microenvironment of a 
particular tissue and the physical cues that a stem cell requires to dif-
ferentiate. As an example, scaffolds that mimic the rigidity of bone 

1https://dx.doi.org/10.26717/BJSTR.2026.65.010161


Copyright@ :   Elnaz Abedini| Biomed J Sci & Tech Res | BJSTR.MS.ID.010161.

Volume 65- Issue 2 DOI: 10.26717/BJSTR.2026.65.010161

57417

may trigger osteogenic differentiation of the MSCs by stimulating the 
demethylation of the RUNX2 and other osteogenic loci [18,51]. On 
the other hand, soft hydrogels have the capability of preserving the 
pluripotency of iPSCs by boosting histone acetylation of pluripotency 
genes [28]. Nuclear deformation and reorganization of chromatin can 
also be induced by the geometry and microtopography of scaffolds, 
and additional information can also affect cell fate [39,80]. As an ex-
ample, a scaffold made of chitosan and epigenetic modulating prop-
erties promises to be a promising bone regenerative material [81].

In addition to the case of the rigid or fixed stiffness, the timely 
formation of the dynamic stiffness platforms can provide the op-
portunity to regulate epigenetic programming [66,74]. They allow 
dynamically stiffening or softening of these materials with time and 
recreate the dynamic mechanical environment of development or dis-
ease pathogenesis. Through these types of platforms, sequential me-
chanical inputs to the stem cells can be provided, enabling research-
ers to investigate and potentially manipulate the temporal dynamics 
of mechano-epigenetic responses, similar to the progressive dynam-
ics of mechano-epigenetic responses during wound healing or tissue 
repair. This time regulation is important because the timing of me-
chanical stimuli can determine unique epigenetic reactions and, con-
sequently, cellular destinies, which represent the mechanical memory 
in MSCs [12]. The capability to accurately regulate the mechanical en-
vironment of cells provides a potent means to integrate complicated 
differentiation and tissue regeneration by targeting mechano-epigen-
etic modification.

New Ideas and Innovations
Mechano-epigenetics is at a crossroads, leaving behind mere cor-

relative measurements and breaking down complex cellular process-
es. A number of new concepts and technical developments are likely 
to expand our knowledge and bring new treatment options to this 
mechano-epigenetic code. Among the most interesting new concepts 
is the so-called mechano-epigenetic memory: the fact that the cells 
can remember past mechanical environments and that these memo-
ries affect how the cell will respond to them in the future and make 
decisions about its future fate [12,26]. It is a long-lasting, heritable 
epigenetic mark or chromatin state that is formed by previous me-
chanical experiences. As an illustration, long-term culture of MSCs 
within a stiff matrix may cause long-term chromatin reorganization, 
which in turn impacts their differentiation capacity in the long term 
despite the removal of the mechanical stimuli [11,12]. It is important 
to know how this mechanism of mechanical memory is mediated at 
the molecular level, which epigenetic marks the memory contains, 
how the memory is sustained, and ultimately edited out. This entails 
studying how mechanically induced patterns of DNA methylation, 
histone modifications, and chromatin loops change after several cell 
divisions. An understanding of the processes behind so-called mech-
ano-epigenetic memory will shed light on tissue homeostasis, regen-
eration, and disease progression, especially in diseases in which cells 

carry pathological memory of a disturbed mechanical microenviron-
ment.

With the development of single-cell multi-omics technologies, we 
are transforming the understanding of how we can characterize cel-
lular states in a comprehensive manner. It will be possible to view 
mechano-epigenetic heterogeneity at a new level, integrating sin-
gle-cell RNA sequencing (scRNA-seq), single-cell ATAC sequencing 
(scATAC-seq), and sophisticated mechanical profiling methods (e.g., 
atomic force microscopy or optical tweezers at the single-cell level) 
[10]. This combined method will enable the correlations of the me-
chanical characteristics of single cells and their microenvironment 
with their distinct transcriptomic and epigenomic images. As an ex-
ample, we can determine particular subpopulations of stem cells that 
are uniquely mechano-epigenetically responsive to the stiffness of the 
matrix, or we can configure rare cells that have high-resistance mech-
ano-epigenetic memories. These granular data are vital to studying, 
typically complex, biological systems such as tissue development, 
cancer metastasis, and regenerative failure, where bulk measure-
ments tend to obscure important cell-to-cell variations in mecha-
no-epigenetic programming.

Mechano-epigenetic editing via CRISPR is a potent, yet hypothet-
ical, yet grounded future. Similarly to the opportunities provided by 
CRISPR systems to specifically edit the genome in terms of genetic 
code, epigenome editing tools, which generally use catalytically dead 
Cas9 (dCas9) in combination with epigenetic effector domains (e.g., 
HATs, HDACs, DNA methyltransferases or demethylases), can be used 
to specifically modify the epigenetic code without necessarily editing 
the underlying sequence [19,20,85]. A combination of these editors 
of the epigenome with the mechano-sensitive promoter or optoge-
netic control, which could be spatially and temporally controlled by 
mechanical force or light, could allow the precise and on-command 
manipulation of the mechano-epigenetic code [86]. Suppose you had 
the ability to target a particular locus of the genome and induce his-
tone acetylation at this locus, but leave it unaltered in the rest of the 
cell, and with this action, you were able to directly relate a mechanical 
signal to one particular epigenetic response. This has the potential 
to generate unparalleled control of stem cell fate, enable targeted re-
generative therapies, or rewrite the mechano-epigenetic instructions 
of pathological cells with high precision [83,84]. These high-tech 
techniques may provide highly targeted and reversible therapies to 
an enormous variety of diseases, beyond the coarse pharmacologi-
cal epigenetic remodeling to a finer, mechano-controlled epigenetic 
engineering.

Conclusion
The cell, sensing its surroundings, leading to permanent mark-

ing of its destiny by epigenetic processes, is one of the most inter-
esting stories in the new biology. The review has carefully outlined 
how mechanical forces, which have long since been viewed as chiefly 
extrinsic modulators, are actually valid and powerful epigenetic mod-
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ulators, wherein in intimate interaction with sophisticated molecular 
processes, remake the genome [1-3]. We have discussed the physical 
pathways of mechanotransduction, starting with the LINC complex as 
a direct mechanical connection to the nucleus, direct mechanical de-
formation of chromatin, and its effects on accessibility and phase sep-
aration [4,5,7,8]. Importantly, we have revealed the complex cellular 
enzyme interactions in which mechanical stimuli refine HDACs, HATs, 
and TET activity and localization of such enzymes in response to 
physical cues [11,52,53]. This realization leads to a radical change of 
paradigm: from when genes determine cells and biochemistry deter-
mines fate, to when the environment determines genes and physical 
forces play an important role in determining and preserving cellular 
identity. The language by which cells translate their physical signals 
into heritable epigenetic memories and determine the plasticity and 
lineage commitment of stem cells, including MSCs and iPSCs to HSCs, 
is known as the mechano-epigenetic code [11,12,14,28]. Such a bidi-
rectional feedback loop in which mechanical cues affect epigenetics, 
and epigenetics affect mechanosensing, is an emphasis on the dynam-
ics and interdependence of cellular regulation.

The consequences of this swelling discipline are very deep. Which 
is the key to open new treatment options involving the vicious cycles 
of mechanical and epigenetic dysregulation, as we acknowledge dis-
eases such as fibrosis or cancer as interlaced mechano-epigenetic 
diseases [15,16,17]. Moreover, the principles of mechano-epigenetics 
are already being used to design more sophisticated biomaterials and 
dynamic scaffolds to enable the establishment of unprecedented con-
trol of tissue engineering and regenerative medicine [18,74]. In the 
future, single-cell multi-omics combined with mechanical profiling 
and the visionary production of CRISPR-based mechano-epigenetic 
editing will transform the precision with which cell identity and cell 
function can be manipulated to therapeutic advantage [19,20]. This 
review is a call to arms of the scientific community: be sure to include 
mechanical parameters in all epigenetic regulation and stem cell bi-
ology studies. It is only through this holistic view that we can actually 
discover the solution to the puzzling language cells employ in their 
world to understand their destiny and design. Learning to master the 
mechano-epigenetic code is the future of medicine and biotechnology 
[86-95].

Major Press Release Messages
Physical Forces Shape Our Genes: The discoveries of new studies 

show that mechanical forces, including tissue stiffness, are not merely 
outside influences but also epigenetic architects, that is, the forces un-
ambiguously affecting the process of turning on genes or turning off 
genes. Stem Cells Memorize Mechanical Cues: Stem cells store mech-
anochemical-mechanical crosslinking signals in a so-called mecha-
no-epigenetic code that instructs these cells to generate bone, nerve, 
etc. cells, which affects regeneration and disease. Cracking the Code 
for Cures: The entry point to treating major diseases such as fibrosis 
and cancer is through the ability to harness the ability to target me-

chanical signals to induce epigenetic changes through these so-called 
mechano-epigenetic pathways.

Smart Materials to Future Medicine: Advanced biomaterials with 
controlled mechanical properties are being developed by scientists 
to write precise epigenetic messages into cells to direct stem cell dif-
ferentiation into regenerative therapy. CRISPR Goes Mechanical: The 
future of CRISPR technology is the prospect of so-called mechano-epi-
genetic editing, which entails the ability to make precise and mechan-
ically controlled changes to the epigenomic state of a cell, which has 
revolutionary therapeutic potential.

References
1.	 Yang S, Liu H, Che B, Kou H, Lai L, et al. (2025) Mechanical signal-chroma-

tin interactions: molecular networks from nuclear membrane force trans-
mission to epigenetic regulation. Frontiers in Medicine, p. 12. 

2.	 Song Y, Soto J, Chen B, Hoffman T, Zhao W, et al. (2021) Transient nuclear 
deformation primes epigenetic state and promotes cell reprogramming. 
bioRxiv.

3.	 Hsia C, Melters D, Dalal Y (2023) The Force is Strong with This Epigenome: 
Chromatin Structure and Mechanobiology. Journal of molecular biology 
435(11). 

4.	 Lee J, Yun Y, Kim H (2025) Matrix-induced nuclear remodeling and mech-
ano-therapeutics. Cell reports 44(9). 

5.	 Yang S, Liu H, Chen B, Kou H, Lai L, et al. (2025) Mechanical signal-chroma-
tin interactions: molecular networks from nuclear membrane force trans-
mission to epigenetic regulation. Frontiers in Medicine, p. 12.

6.	 Jahed Z, Domkam N, Ornowski J, Yerima G, Mofrad M (2021) Molecular 
models of LINC complex assembly at the nuclear envelope. Journal of Cell 
Science 134(12).

7.	 Zhao J, Xia J, Brangwynne C (2024) Chromatin compaction during con-
fined cell migration induces and reshapes nuclear condensates. Nature 
Communications 15(1).

8.	 Shin Y, Chang Y, Lee D, Berry J, Sanders D, et al. (2018) Liquid Nuclear Con-
densates Mechanically Sense and Restructure the Genome. Cell 175(6).

9.	 Kant A, Shenoy V (2024) Viscoelastic chromatin reorganization by che-
mo-mechanical environmental cues drives nuclear response. Biophysical 
Journal 123(3). 

10.	 Raaz L, Mendez P, Mundlos S, Knaus P, Jatzlau J (2024) Protocol for chro-
matin accessibility profiling of human endothelial cells cultured under 
fluid shear stress using ATAC-seq. STAR Protocols 5(1). 

11.	 Killaars A, Grim J, Walker C, Hushka E, Brown T, et al. (2018) Extended 
Exposure to Stiff Microenvironments Leads to Persistent Chromatin Re-
modeling in Human Mesenchymal Stem Cells. Advanced Science 6(3).

12.	 Na J, Shi Q, Yang Z, Liu Y, Chen X, et al. (2024) Mechanical memory based 
on chromatin and metabolism remodeling promotes proliferation and 
smooth muscle differentiation in mesenchymal stem cells. The FASEB 
Journal 38(6). 

13.	 Shi G, Chang Z, Zhang P, Zou X, Zheng X, et al. (2024) Heterogeneous stiff-
ness of the bone marrow microenvironment regulates the fate decision of 
haematopoietic stem and progenitor cells. Cell Proliferation 57(12).

14.	 Zhang X, Cao D, Xu L, Xu Y, Gao Z, et al. (2023) Harnessing matrix stiffness 
to engineer a bone marrow niche for hematopoietic stem cell rejuvena-
tion. Cell stem cell 30(4). 

1https://dx.doi.org/10.26717/BJSTR.2026.65.010161
http://frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1631645/full
http://frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1631645/full
http://frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1631645/full
https://www.biorxiv.org/content/10.1101/2021.05.19.444886v1
https://www.biorxiv.org/content/10.1101/2021.05.19.444886v1
https://www.biorxiv.org/content/10.1101/2021.05.19.444886v1
https://pubmed.ncbi.nlm.nih.gov/37330288/
https://pubmed.ncbi.nlm.nih.gov/37330288/
https://pubmed.ncbi.nlm.nih.gov/37330288/
https://pubmed.ncbi.nlm.nih.gov/40848255/
https://pubmed.ncbi.nlm.nih.gov/40848255/
https://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1631645/full
https://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1631645/full
https://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1631645/full
https://pubmed.ncbi.nlm.nih.gov/34152389/
https://pubmed.ncbi.nlm.nih.gov/34152389/
https://pubmed.ncbi.nlm.nih.gov/34152389/
https://pubmed.ncbi.nlm.nih.gov/39557835/
https://pubmed.ncbi.nlm.nih.gov/39557835/
https://pubmed.ncbi.nlm.nih.gov/39557835/
https://www.sciencedirect.com/science/article/pii/S0092867418314569
https://www.sciencedirect.com/science/article/pii/S0092867418314569
https://www.cell.com/biophysj/fulltext/S0006-3495(23)02169-0
https://www.cell.com/biophysj/fulltext/S0006-3495(23)02169-0
https://www.cell.com/biophysj/fulltext/S0006-3495(23)02169-0
https://pubmed.ncbi.nlm.nih.gov/38329877/
https://pubmed.ncbi.nlm.nih.gov/38329877/
https://pubmed.ncbi.nlm.nih.gov/38329877/
https://pubmed.ncbi.nlm.nih.gov/30775233/
https://pubmed.ncbi.nlm.nih.gov/30775233/
https://pubmed.ncbi.nlm.nih.gov/30775233/
https://pubmed.ncbi.nlm.nih.gov/38482729/
https://pubmed.ncbi.nlm.nih.gov/38482729/
https://pubmed.ncbi.nlm.nih.gov/38482729/
https://pubmed.ncbi.nlm.nih.gov/38482729/
https://pubmed.ncbi.nlm.nih.gov/38982593/
https://pubmed.ncbi.nlm.nih.gov/38982593/
https://pubmed.ncbi.nlm.nih.gov/38982593/
https://pubmed.ncbi.nlm.nih.gov/37028404/
https://pubmed.ncbi.nlm.nih.gov/37028404/
https://pubmed.ncbi.nlm.nih.gov/37028404/


Copyright@ :   Elnaz Abedini| Biomed J Sci & Tech Res | BJSTR.MS.ID.010161.

Volume 65- Issue 2 DOI: 10.26717/BJSTR.2026.65.010161

57419

15.	 Tschumperlin D, Lagares D (2020) Mechano-therapeutics: Targeting Me-
chanical Signaling in Fibrosis and Tumor Stroma. Pharmacology & thera-
peutics. 

16.	 Niu L, Cheng B, Huang G, Nan K, Han S, et al. (2022) A positive mechano-
biological feedback loop controls bistable switching of cardiac fibroblast 
phenotype. Cell Discovery, p. 8. 

17.	 Jiang Y, Zhang H, Wang J, Liu Y, Luo T, et al. (2022) Targeting extracellular 
matrix stiffness and mechanotransducers to improve cancer therapy. Jour-
nal of Hematology & Oncology 15(1). 

18.	 Han P, Gomez G, Duda G, Ivanovski S, Poh P (2022) Scaffold Geometry 
Modulation of Mechanotransduction and its influence on Epigenetics. Acta 
biomaterialia, pp. 163. 

19.	 Nuñez J, Chen J, Pommier G, Cogan J, Replogle J, et al. (2021) Genome-wide 
programmable transcriptional memory by CRISPR-based epigenome ed-
iting. Cell 184(9).

20.	 Nakamura M, Gao Y, Dominguez A, Qi L (2021) CRISPR technologies for 
precise epigenome editing. Nature Cell Biology 23(1).

21.	 Ferrai C, Schulte C (2024) Mechanotransduction in stem cells. European 
journal of cell biology 103(2). 

22.	 Li Y, Zhong Z, Xu C, Wu X, Li J, et al. (2023) 3D micropattern force triggers 
YAP nuclear entry by transport across nuclear pores and modulates stem 
cells’ paracrine. National Science Review 10(8).

23.	 Cacabelos R, Tellado I, Cacabelos P (2019) The Epigenetic Machinery in 
the Life Cycle and Pharmacoepigenetics. Pharmacoepigenetics, p. 10.

24.	 Liu Y, Wang Y, Bao D, Chen H, Gong M, et al. (2025) Cross-Kingdom DNA 
Methylation Dynamics: Comparative Mechanisms of 5mC/6mA Regula-
tion and Their Implications in Epigenetic Disorders. Biology 14(5). 

25.	 Wiese M, Bannister (2020) A Two genomes, one cell: Mitochondrial-nu-
clear coordination via epigenetic pathways. Molecular Metabolism, p. 38.

26.	 McCreery K, Stubb A, Stephens R, Fursova N, Cook A, et al. (2024) Mecha-
no-osmotic signals control chromatin state and fate transitions in plurip-
otent stem cells. bioRxiv. 

27.	 McCreery K, Stubb A, Stephens R, Fursova N, Cook A, et al. (2025) Mecha-
no-osmotic signals control chromatin state and fate transitions in pluripo-
tent stem cells. Nature Cell Biology, p. 27.

28.	 Gerardo H, Lima A, Carvalho J, Ramos J, Couceiro S, et al. (2019) Soft cul-
ture substrates favor stem-like cellular phenotype and facilitate repro-
gramming of human mesenchymal stem/stromal cells (hMSCs) through 
mechanotransduction. Scientific Reports 9(1).

29.	 Chowdhury F, Huang B, Wang N (2021) Cytoskeletal prestress: The cel-
lular hallmark in mechanobiology and mechanomedicine. Cytoskeleton 
(Hoboken NJ) 78(6). 

30.	 Chen J, Sloan I, Bermudez A, Choi D, Tsai M, et al. (2025) Nucleo-cytoskel-
etal coupling controls intracellular deformation partitioning during cell 
stretching. Royal Society Open Science 12(7).

31.	 Driscoll T, Cosgrove B, Heo S, Shurden Z, Mauck R (2015) Cytoskeletal to 
Nuclear Strain Transfer Regulates YAP Signaling in Mesenchymal Stem 
Cells. Biophysical Journal 108(12). 

32.	 Kalukula Y, Stephens A, Lammerding J, Gabriele S (2022) Mechanics and 
functional consequences of nuclear deformations. Nature Reviews Molec-
ular Cell Biology, p. 23. 

33.	 Dahl K, Ribeiro A, Lammerding J (2008) Nuclear Shape, Mechanics, and 
Mechanotransduction. Circulation Research 102(11).

34.	 Zhou Z, Du X, Cai Z, Song X, Zhang H, et al. (2011) Structure of Sad1-UNC84 
Homology (SUN) Domain Defines Features of Molecular Bridge in Nuclear 

Envelope. The Journal of Biological Chemistry 287(8). 

35.	 Gurusaran M, Davies O (2020) A molecular mechanism for LINC complex 
branching by structurally diverse SUN-KASH 6:6 assemblies. eLife, p. 10.

36.	 Sun J, Chen J, Amar K, Wu Y, Jiang M, et al. (2021) LAP2β transmits force to 
upregulate genes via chromatin domain stretching but not compression. 
Acta biomaterialia, pp. 163. 

37.	 Hao H, Starr D (2019) SUN/KASH interactions facilitate force transmis-
sion across the nuclear envelope. Nucleus 10(1). 

38.	 Amar K, Wei F, Chen J, Wang N (2021) Effects of forces on chromatin. APL 
Bioengineering 5(4). 

39.	 Liang H, Wang Y, Liu Y, Liu W, Liu B, et al. (2024) Microtopography-Induced 
Nuclear Deformation Triggers Chromatin Reorganization and Cytoskele-
ton Remodeling. Chemical & Biomedical Imaging 2(7).

40.	 Shim H, Yoon J, Lee H, Karunasagara S, Li C, et al. (2025) Temporal 
Stretch-Induced Nuclear Mechanosensing Coordinates Early Chromatin 
Accessibility and Genome Protection. Advanced science 13(5). 

41.	 Song Y, Soto J, Li S (2020) Mechanical regulation of histone modifications 
and cell plasticity. Current opinion in solid state & materials science 24(6). 

42.	 Jabre S, Cherchame E, Pinzón N, Lemerle E, Bitoun M, et al. (2025) Lamin 
A/C protects chromatin accessibility during mechanical loading in human 
skeletal muscle. Cell Communication and Signaling: CCS 23(1). 

43.	 Nava M, Miroshnikova Y, Biggs L, Whitefield D, Metge F, et al. (2020) Het-
erochromatin-Driven Nuclear Softening Protects the Genome against Me-
chanical Stress-Induced Damage. Cell 181(4). 

44.	 Attar A, Paturej J, Sarıyer O, Banigan E, Erbaş A (2025) Peripheral heter-
ochromatin tethering is required for chromatin-based nuclear mechanical 
response. Nucleic Acids Research 53(15).

45.	 Stephens A, Liu P, Kandula V, Chen H, Almassalha L, et al. (2018) Physi-
cochemical mechanotransduction alters nuclear shape and mechanics via 
heterochromatin formation. Molecular Biology of the Cell 30(17). 

46.	 Zhang Y, Lee D, Meir Y, Brangwynne C, Wingreen N (2020) Mechanical 
frustration of phase separation in the cell nucleus by chromatin. bioRxiv.

47.	 Zhang Y, Lee D, Meir Y, Brangwynne C, Wingreen N (2023) Mechanical 
frustration of phase separation in the cell nucleus by chromatin. Biophys-
ical Journal 122(3)S1. 

48.	 Xia J, Zhao J, Strom A, Brangwynne C (2025) Chromatin heterogeneity 
modulates nuclear condensate dynamics and phase behavior. Nature 
Communications 16(1). 

49.	 Cosgrove B, Bounds L, Taylor C, Su A, Rizzo A, et al. (2025) Mechanosen-
sitive genomic enhancers potentiate the cellular response to matrix stiff-
ness. Science. 

50.	 Cosgrove B, Bounds L, Taylor C, Su A, Rizzo A, et al. (2024) Mechanosen-
sitive genomic enhancers potentiate the cellular response to matrix stiff-
ness. bioRxiv.

51.	 Sepúlveda H, Aguilar R, Prieto C, Bustos F, Aedo S, et al. (2017) Epigenetic 
Signatures at the RUNX2‐P1 and Sp7 Gene Promoters Control Osteogenic 
Lineage Commitment of Umbilical Cord‐Derived Mesenchymal Stem Cells. 
Journal of Cellular Physiology 232(9). 

52.	 Park S, Lee J, Ahn K, Shim H, Yoon J, et al. (2023) Cyclic Stretch Promotes 
Cellular Reprogramming Process through Cytoskeletal‐Nuclear Mechano‐
Coupling and Epigenetic Modification. Advanced Science 10(32).

53.	 Yang R, Yu T, Kou X, Gao X, Chen C, et al. (2018) Tet1 and Tet2 maintain 
mesenchymal stem cell homeostasis via demethylation of the P2rX7 pro-
moter. Nature Communications, p. 9.

1https://dx.doi.org/10.26717/BJSTR.2026.65.010161
https://pubmed.ncbi.nlm.nih.gov/32437826/
https://pubmed.ncbi.nlm.nih.gov/32437826/
https://pubmed.ncbi.nlm.nih.gov/32437826/
https://www.nature.com/articles/s41421-022-00427-w
https://www.nature.com/articles/s41421-022-00427-w
https://www.nature.com/articles/s41421-022-00427-w
https://pubmed.ncbi.nlm.nih.gov/35331296/
https://pubmed.ncbi.nlm.nih.gov/35331296/
https://pubmed.ncbi.nlm.nih.gov/35331296/
https://pubmed.ncbi.nlm.nih.gov/35038587/
https://pubmed.ncbi.nlm.nih.gov/35038587/
https://pubmed.ncbi.nlm.nih.gov/35038587/
https://pubmed.ncbi.nlm.nih.gov/33838111/
https://pubmed.ncbi.nlm.nih.gov/33838111/
https://pubmed.ncbi.nlm.nih.gov/33838111/
https://pubmed.ncbi.nlm.nih.gov/33420494/
https://pubmed.ncbi.nlm.nih.gov/33420494/
https://www.sciencedirect.com/science/article/pii/S0171933524000347
https://www.sciencedirect.com/science/article/pii/S0171933524000347
https://pubmed.ncbi.nlm.nih.gov/37457331/
https://pubmed.ncbi.nlm.nih.gov/37457331/
https://pubmed.ncbi.nlm.nih.gov/37457331/
https://www.sciencedirect.com/science/chapter/edited-volume/abs/pii/B9780128139394000012
https://www.sciencedirect.com/science/chapter/edited-volume/abs/pii/B9780128139394000012
https://www.mdpi.com/2079-7737/14/5/461
https://www.mdpi.com/2079-7737/14/5/461
https://www.mdpi.com/2079-7737/14/5/461
https://pubmed.ncbi.nlm.nih.gov/32217072/
https://pubmed.ncbi.nlm.nih.gov/32217072/
https://www.biorxiv.org/content/10.1101/2024.09.07.611779v1
https://www.biorxiv.org/content/10.1101/2024.09.07.611779v1
https://www.biorxiv.org/content/10.1101/2024.09.07.611779v1
https://www.nature.com/articles/s41556-025-01767-x
https://www.nature.com/articles/s41556-025-01767-x
https://www.nature.com/articles/s41556-025-01767-x
https://pubmed.ncbi.nlm.nih.gov/31235788/
https://pubmed.ncbi.nlm.nih.gov/31235788/
https://pubmed.ncbi.nlm.nih.gov/31235788/
https://pubmed.ncbi.nlm.nih.gov/31235788/
https://pubmed.ncbi.nlm.nih.gov/33754478/
https://pubmed.ncbi.nlm.nih.gov/33754478/
https://pubmed.ncbi.nlm.nih.gov/33754478/
https://royalsocietypublishing.org/rsos/article/12/7/250409/235496/Nucleo-cytoskeletal-coupling-controls
https://royalsocietypublishing.org/rsos/article/12/7/250409/235496/Nucleo-cytoskeletal-coupling-controls
https://royalsocietypublishing.org/rsos/article/12/7/250409/235496/Nucleo-cytoskeletal-coupling-controls
https://pubmed.ncbi.nlm.nih.gov/26083918/
https://pubmed.ncbi.nlm.nih.gov/26083918/
https://pubmed.ncbi.nlm.nih.gov/26083918/
https://www.nature.com/articles/s41580-022-00480-z
https://www.nature.com/articles/s41580-022-00480-z
https://www.nature.com/articles/s41580-022-00480-z
https://pubmed.ncbi.nlm.nih.gov/18535268/
https://pubmed.ncbi.nlm.nih.gov/18535268/
https://pubmed.ncbi.nlm.nih.gov/22170055/
https://pubmed.ncbi.nlm.nih.gov/22170055/
https://pubmed.ncbi.nlm.nih.gov/22170055/
https://pubmed.ncbi.nlm.nih.gov/33393904/
https://pubmed.ncbi.nlm.nih.gov/33393904/
https://pubmed.ncbi.nlm.nih.gov/34700042/
https://pubmed.ncbi.nlm.nih.gov/34700042/
https://pubmed.ncbi.nlm.nih.gov/34700042/
https://pubmed.ncbi.nlm.nih.gov/30888237/
https://pubmed.ncbi.nlm.nih.gov/30888237/
https://pubmed.ncbi.nlm.nih.gov/34661040/
https://pubmed.ncbi.nlm.nih.gov/34661040/
https://www.researchgate.net/publication/380498458_Microtopography-Induced_Nuclear_Deformation_Triggers_Chromatin_Reorganization_and_Cytoskeleton_Remodeling
https://www.researchgate.net/publication/380498458_Microtopography-Induced_Nuclear_Deformation_Triggers_Chromatin_Reorganization_and_Cytoskeleton_Remodeling
https://www.researchgate.net/publication/380498458_Microtopography-Induced_Nuclear_Deformation_Triggers_Chromatin_Reorganization_and_Cytoskeleton_Remodeling
https://advanced.onlinelibrary.wiley.com/doi/10.1002/advs.202510554
https://advanced.onlinelibrary.wiley.com/doi/10.1002/advs.202510554
https://advanced.onlinelibrary.wiley.com/doi/10.1002/advs.202510554
https://pubmed.ncbi.nlm.nih.gov/33214755/
https://pubmed.ncbi.nlm.nih.gov/33214755/
https://pubmed.ncbi.nlm.nih.gov/41126185/
https://pubmed.ncbi.nlm.nih.gov/41126185/
https://pubmed.ncbi.nlm.nih.gov/41126185/
https://www.cell.com/cell/fulltext/S0092-8674(20)30345-7
https://www.cell.com/cell/fulltext/S0092-8674(20)30345-7
https://www.cell.com/cell/fulltext/S0092-8674(20)30345-7
https://academic.oup.com/nar/article/53/15/gkaf763/8237240
https://academic.oup.com/nar/article/53/15/gkaf763/8237240
https://academic.oup.com/nar/article/53/15/gkaf763/8237240
https://pmc.ncbi.nlm.nih.gov/articles/PMC6743459/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6743459/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6743459/
https://www.biorxiv.org/content/10.1101/2020.12.24.424222v1
https://www.biorxiv.org/content/10.1101/2020.12.24.424222v1
https://www.cell.com/biophysj/fulltext/S0006-3495(22)01182-1
https://www.cell.com/biophysj/fulltext/S0006-3495(22)01182-1
https://www.cell.com/biophysj/fulltext/S0006-3495(22)01182-1
https://pubmed.ncbi.nlm.nih.gov/40645941/
https://pubmed.ncbi.nlm.nih.gov/40645941/
https://pubmed.ncbi.nlm.nih.gov/40645941/
https://pubmed.ncbi.nlm.nih.gov/38260455/
https://pubmed.ncbi.nlm.nih.gov/38260455/
https://pubmed.ncbi.nlm.nih.gov/38260455/
https://pubmed.ncbi.nlm.nih.gov/27689934/
https://pubmed.ncbi.nlm.nih.gov/27689934/
https://pubmed.ncbi.nlm.nih.gov/27689934/
https://pubmed.ncbi.nlm.nih.gov/27689934/
https://pubmed.ncbi.nlm.nih.gov/37727069/
https://pubmed.ncbi.nlm.nih.gov/37727069/
https://pubmed.ncbi.nlm.nih.gov/37727069/
https://www.nature.com/articles/s41467-018-04464-6
https://www.nature.com/articles/s41467-018-04464-6
https://www.nature.com/articles/s41467-018-04464-6


Copyright@ :   Elnaz Abedini| Biomed J Sci & Tech Res |  BJSTR.MS.ID.010161. 57420

Volume 65- Issue 2 DOI: 10.26717/BJSTR.2026.65.010161

54.	 Kang P, Wu Z, Huang Y, Luo Z, Huo S, et al. (2022) Histone H3K9 demeth-
ylase JMJD2B/KDM4B promotes osteogenic differentiation of bone mar-
row-derived mesenchymal stem cells by regulating H3K9me2 on RUNX2. 
Peer J, p. 10.

55.	 Zhao J, Chen A, Wang R, Qiu D, Chen H, et al. (2024) Bmi‐1 Epigenetically 
Orchestrates Osteogenic and Adipogenic Differentiation of Bone Marrow 
Mesenchymal Stem Cells to Delay Bone Aging. Advanced Science 11(46): 
e2404518.

56.	 Omole A, Fakoya A (2018) Ten years of progress and promise of induced 
pluripotent stem cells: historical origins, characteristics, mechanisms, 
limitations, and potential applications. PeerJ 6: e4370.

57.	 Matiukhova M, Ryapolova A, Andriianov V, Reshetnikov V, Zhuravleva S, 
et al. (2025) A comprehensive analysis of induced pluripotent stem cell 
(iPSC) production and applications. Frontiers in Cell and Developmental 
Biology 13: 1593207. 

58.	 Chen Y, Xu R, Zhou S, Zhao C, Hu Z, et al. (2023) Mechanical strain treat-
ment improves nuclear transfer reprogramming efficiency by enhancing 
chromatin accessibility. Stem Cell Reports 18(4): 807-816.

59.	 Maali A, Maroufi F, Sadeghi F, Atashi A, Kouchaki R, et al. (2021) Induced 
pluripotent stem cell technology: trends in molecular biology, from genet-
ics to epigenetics. Epigenomics 13(8): 631-647.

60.	 Cerneckis J, Cai H, Shi Y (2024) Induced pluripotent stem cells (iPSCs): 
molecular mechanisms of induction and applications. Signal Transduction 
and Targeted Therapy 9(1): 112.

61.	 Busch C, Nyamondo K, Wheadon H (2024) Complexities of modelling the 
bone marrow microenvironment to facilitate haematopoietic research. 
Experimental hematology 135: 104233.

62.	 Hofmann J, Kokkaliaris K (2024) Bone marrow niches for hematopoiet-
ic stem cells: Lifespan dynamics and adaptation to acute stress. Blood 
144(1): 21-34.

63.	 Kandarakov O, Belyavsky A, Semenova E (2022) Bone Marrow Niches of 
Hematopoietic Stem and Progenitor Cells. International Journal of Molec-
ular Sciences 23(8): 4462.

64.	 Pereira A, Galli S, Nombela Arrieta C (2024) Bone marrow niches for he-
matopoietic stem cells. HemaSphere 8(8): e133.

65.	 Boulais P, Frenette P (2015) Making sense of hematopoietic stem cell nich-
es. Blood 125(17): 2621-2629. 

66.	 Han P, Gomez G, Duda G, Ivanovski S, Poh P (2021) Scaffold Geometry 
Modulation of Mechanotransduction and its Influence on Epigenetics. 
SSRN Electronic Journal 163: 259-274.

67.	 Zhu L, Liu L, Wang A, Liu J, Huang X, et al. (2023) Positive Feedback Loops 
between Fibroblasts and the Mechanical Environment Contribute to Der-
mal Fibrosis. Matrix biology: journal of the International Society for Ma-
trix Biology 121: 1-21.

68.	 He J, Cheng X, Fang B, Shan S, Li Q (2024) Mechanical stiffness promotes 
skin fibrosis via Piezo1-Wnt2/Wnt11-CCL24 positive feedback loop. Cell 
Death & Disease 15(1): 84.

69.	 Liu Y, Wen D, Ho C, Yu L, Zheng D, et al. (2023) Epigenetics as a versatile 
regulator of fibrosis. Journal of Translational Medicine 21(1): 164.

70.	 Sisto M, Lisi S (2024) Epigenetic Regulation of EMP/EMT-Dependent Fi-
brosis. International Journal of Molecular Sciences 25(5): 2775.

71.	 Garitano N, Aguado Alvaro L, Pelacho B (2025) Emerging Epigenetic Ther-
apies for the Treatment of Cardiac Fibrosis. Biomedicines 13(5): 1170.

72.	 Acharya N, Kandel R, Roy P, Warraich I, Singh K (2024) Epigenetic thera-
peutics attenuate kidney injury and fibrosis by restoring the expression 

of epigenetically reprogrammed fibrogenic genes and signaling pathways. 
European journal of pharmaceutical sciences: official journal of the Euro-
pean Federation for Pharmaceutical Sciences 204: 106977. 

73.	 Zhubanchaliyev A, Temirbekuly A, Kongrtay K, Wanshura L, Kunz J (2016) 
Targeting Mechanotransduction at the Transcriptional Level: YAP and 
BRD4 Are Novel Therapeutic Targets for the Reversal of Liver Fibrosis. 
Frontiers in Pharmacology 7: 462.

74.	 Wang J, Xu A (2025) Mechanotransduction-Epigenetic Coupling in Pulmo-
nary Regeneration: Multifunctional Bioscaffolds as Emerging Tools. Phar-
maceuticals 18(10): 1487.

75.	 Tiskratok W, Chuinsiri N, Limraksasin P, Kyawsoewin M, Jitprasertwong P 
(2025) Extracellular Matrix Stiffness: Mechanotransduction and Mecha-
nobiological Response-Driven Strategies for Biomedical Applications Tar-
geting Fibroblast Inflammation. Polymers 17(6): 822.

76.	 Bhat G, Sethi I, Sadida H, Rah B, Mir R, et al. (2024) Cancer cell plasticity: 
from cellular, molecular, and genetic mechanisms to tumor heterogeneity 
and drug resistance. Cancer Metastasis Reviews 43(1): 197-228.

77.	 Zhang M, Zhang B (2025) Extracellular matrix stiffness: mechanisms in 
tumor progression and therapeutic potential in cancer. Experimental He-
matology & Oncology 14(1): 54.

78.	 Kumar V, Nambiar R, De Souza C, Nguyen A, Chien J, et al. (2022) Targeting 
Epigenetic Modifiers of Tumor Plasticity and Cancer Stem Cell Behavior. 
Cells 11(9): 1403.

79.	 Han X, Zhang C, Lei Q, Xu J, Zhou Y (2025) Stiffness regulates extracellular 
matrix synthesis in fibroblasts by DDR1-TGF-β/STAT3 mechanotransduc-
tion axis. Biomaterials advances 172: 214240.

80.	 Carthew J, Abdelmaksoud H, Hodgson Garms M, Aslanoglou S, Ghavamian 
S, et al. (2021) Precision Surface Microtopography Regulates Cell Fate via 
Changes to Actomyosin Contractility and Nuclear Architecture. Advanced 
Science 8(6): 2003186.

81.	 Sukpaita T, Chirachanchai S, Chanamuangkon T, Nampuksa K, Monmatu-
rapoj N, et al. (2022) Novel Epigenetic Modulation Chitosan-Based Scaf-
fold as a Promising Bone Regenerative Material. Cells 11(20): 3217.

82.	 Mansuy I (2021) Faculty Opinions recommendation of Genome-wide pro-
grammable transcriptional memory by CRISPR-based epigenome editing. 
Faculty Opinions – Post-Publication Peer Review of the Biomedical Liter-
ature 184(9): 2503-2519.

83.	 Coda D, Watt L, Glauser L, Batiuk M, Burns A, et al. (2024) Cell-type- and 
locus-specific epigenetic editing of memory expression. Nature Genetics 
57: 2661-2668.

84.	 Coda D, Watt L, Glauser L, Batiuk M, Burns A, et al. (2024) Cell type and 
locus-specific epigenetic editing of memory expression. bioRxiv.

85.	 Policarpi C, Dabin J, Hackett J (2021) Epigenetic editing: Dissecting chro-
matin function in context. BioEssays 43(5): e2000316.

86.	 Yahsi B, Palaz F, Dinçer P (2024) Applications of CRISPR Epigenome Ed-
itors in Tumor Immunology and Autoimmunity. ACS synthetic biology 
13(2): 413-427.

87.	 Harati J, Du P, Galluzzi M, Li X, Lin J, et al. (2024) Tailored Physicochemical 
Cues Direct Human Mesenchymal Stem Cell Differentiation through Epi-
genetic Regulation Using Colloidal Self-Assembled Patterns. ACS applied 
materials & interfaces 16(28): 35912-35924.

88.	 Miroshnikova Y, Nava M, Wickström S (2017) Emerging roles of mechani-
cal forces in chromatin regulation. Journal of Cell Science 130(14): 2243-
2250.

89.	 Rodenburg W, Strom A, Eeftens J (2025) Heterogeneity as a feature: un-
raveling chromatin’s role in nuclear mechanics. Nucleus 16(1): 2545037.

1https://dx.doi.org/10.26717/BJSTR.2026.65.010161
https://pubmed.ncbi.nlm.nih.gov/36217382/
https://pubmed.ncbi.nlm.nih.gov/36217382/
https://pubmed.ncbi.nlm.nih.gov/36217382/
https://pubmed.ncbi.nlm.nih.gov/36217382/
https://pubmed.ncbi.nlm.nih.gov/39225325/
https://pubmed.ncbi.nlm.nih.gov/39225325/
https://pubmed.ncbi.nlm.nih.gov/39225325/
https://pubmed.ncbi.nlm.nih.gov/39225325/
https://pubmed.ncbi.nlm.nih.gov/29770269/
https://pubmed.ncbi.nlm.nih.gov/29770269/
https://pubmed.ncbi.nlm.nih.gov/29770269/
https://pubmed.ncbi.nlm.nih.gov/40406420/
https://pubmed.ncbi.nlm.nih.gov/40406420/
https://pubmed.ncbi.nlm.nih.gov/40406420/
https://pubmed.ncbi.nlm.nih.gov/40406420/
https://pubmed.ncbi.nlm.nih.gov/36963387/
https://pubmed.ncbi.nlm.nih.gov/36963387/
https://pubmed.ncbi.nlm.nih.gov/36963387/
https://pubmed.ncbi.nlm.nih.gov/33823614/
https://pubmed.ncbi.nlm.nih.gov/33823614/
https://pubmed.ncbi.nlm.nih.gov/33823614/
https://pubmed.ncbi.nlm.nih.gov/38670977/
https://pubmed.ncbi.nlm.nih.gov/38670977/
https://pubmed.ncbi.nlm.nih.gov/38670977/
https://pubmed.ncbi.nlm.nih.gov/38740324/
https://pubmed.ncbi.nlm.nih.gov/38740324/
https://pubmed.ncbi.nlm.nih.gov/38740324/
https://pubmed.ncbi.nlm.nih.gov/38579285/
https://pubmed.ncbi.nlm.nih.gov/38579285/
https://pubmed.ncbi.nlm.nih.gov/38579285/
https://pubmed.ncbi.nlm.nih.gov/35457280/
https://pubmed.ncbi.nlm.nih.gov/35457280/
https://pubmed.ncbi.nlm.nih.gov/35457280/
https://pubmed.ncbi.nlm.nih.gov/39086665/
https://pubmed.ncbi.nlm.nih.gov/39086665/
https://pubmed.ncbi.nlm.nih.gov/25762174/
https://pubmed.ncbi.nlm.nih.gov/25762174/
https://pubmed.ncbi.nlm.nih.gov/35038587/
https://pubmed.ncbi.nlm.nih.gov/35038587/
https://pubmed.ncbi.nlm.nih.gov/35038587/
https://pubmed.ncbi.nlm.nih.gov/37164179/
https://pubmed.ncbi.nlm.nih.gov/37164179/
https://pubmed.ncbi.nlm.nih.gov/37164179/
https://pubmed.ncbi.nlm.nih.gov/37164179/
https://pubmed.ncbi.nlm.nih.gov/38267432/
https://pubmed.ncbi.nlm.nih.gov/38267432/
https://pubmed.ncbi.nlm.nih.gov/38267432/
https://pubmed.ncbi.nlm.nih.gov/36864460/
https://pubmed.ncbi.nlm.nih.gov/36864460/
https://pubmed.ncbi.nlm.nih.gov/38474021/
https://pubmed.ncbi.nlm.nih.gov/38474021/
https://pubmed.ncbi.nlm.nih.gov/40426997/
https://pubmed.ncbi.nlm.nih.gov/40426997/
https://pubmed.ncbi.nlm.nih.gov/39617304/
https://pubmed.ncbi.nlm.nih.gov/39617304/
https://pubmed.ncbi.nlm.nih.gov/39617304/
https://pubmed.ncbi.nlm.nih.gov/39617304/
https://pubmed.ncbi.nlm.nih.gov/39617304/
https://pubmed.ncbi.nlm.nih.gov/27990121/
https://pubmed.ncbi.nlm.nih.gov/27990121/
https://pubmed.ncbi.nlm.nih.gov/27990121/
https://pubmed.ncbi.nlm.nih.gov/27990121/
https://www.mdpi.com/1424-8247/18/10/1487
https://www.mdpi.com/1424-8247/18/10/1487
https://www.mdpi.com/1424-8247/18/10/1487
https://pubmed.ncbi.nlm.nih.gov/40292716/
https://pubmed.ncbi.nlm.nih.gov/40292716/
https://pubmed.ncbi.nlm.nih.gov/40292716/
https://pubmed.ncbi.nlm.nih.gov/40292716/
https://pubmed.ncbi.nlm.nih.gov/38329598/
https://pubmed.ncbi.nlm.nih.gov/38329598/
https://pubmed.ncbi.nlm.nih.gov/38329598/
https://pubmed.ncbi.nlm.nih.gov/40211368/
https://pubmed.ncbi.nlm.nih.gov/40211368/
https://pubmed.ncbi.nlm.nih.gov/40211368/
https://pubmed.ncbi.nlm.nih.gov/35563709/
https://pubmed.ncbi.nlm.nih.gov/35563709/
https://pubmed.ncbi.nlm.nih.gov/35563709/
https://pubmed.ncbi.nlm.nih.gov/40023083/
https://pubmed.ncbi.nlm.nih.gov/40023083/
https://pubmed.ncbi.nlm.nih.gov/40023083/
https://pubmed.ncbi.nlm.nih.gov/33747730/
https://pubmed.ncbi.nlm.nih.gov/33747730/
https://pubmed.ncbi.nlm.nih.gov/33747730/
https://pubmed.ncbi.nlm.nih.gov/33747730/
https://pubmed.ncbi.nlm.nih.gov/36291084/
https://pubmed.ncbi.nlm.nih.gov/36291084/
https://pubmed.ncbi.nlm.nih.gov/36291084/
https://www.nature.com/articles/s41588-025-02368-y
https://www.nature.com/articles/s41588-025-02368-y
https://www.nature.com/articles/s41588-025-02368-y
https://www.biorxiv.org/content/10.1101/2024.08.18.608454v1.full
https://www.biorxiv.org/content/10.1101/2024.08.18.608454v1.full
https://pubmed.ncbi.nlm.nih.gov/33724509/
https://pubmed.ncbi.nlm.nih.gov/33724509/
https://pubmed.ncbi.nlm.nih.gov/38298016/
https://pubmed.ncbi.nlm.nih.gov/38298016/
https://pubmed.ncbi.nlm.nih.gov/38298016/
https://pubmed.ncbi.nlm.nih.gov/38976770/
https://pubmed.ncbi.nlm.nih.gov/38976770/
https://pubmed.ncbi.nlm.nih.gov/38976770/
https://pubmed.ncbi.nlm.nih.gov/38976770/
https://pubmed.ncbi.nlm.nih.gov/28646093/
https://pubmed.ncbi.nlm.nih.gov/28646093/
https://pubmed.ncbi.nlm.nih.gov/28646093/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12372515/
https://pmc.ncbi.nlm.nih.gov/articles/PMC12372515/


Copyright@ :   Elnaz Abedini| Biomed J Sci & Tech Res | BJSTR.MS.ID.010161.

Volume 65- Issue 2 DOI: 10.26717/BJSTR.2026.65.010161

57421

90.	 Kant A, Shenoy V (2024) Viscoelastic chromatin reorganization by che-
mo-mechanical environmental cues drives nuclear response. Biophysical 
Journal 123(3): 232A.

91.	 Hemming S, Cakouros D, Vandyke K, Davis M, Zannettino A, et al. (2016) 
Identification of Novel EZH2 Targets Regulating Osteogenic Differenti-
ation in Mesenchymal Stem Cells. Stem Cells and Development 25(12): 
909-921.

92.	 Hu M, Fan Z (2025) Role and mechanisms of histone methylation in os-
teogenic/odontogenic differentiation of dental mesenchymal stem cells. 
International Journal of Oral Science, p. 17.

93.	 Meyer M, Benkusky N, Sen B, Rubin J, Pike J (2016) Epigenetic Plastici-
ty Drives Adipogenic and Osteogenic Differentiation of Marrow-derived 
Mesenchymal Stem Cells*. The Journal of Biological Chemistry 291(34): 
17829-17847. 

94.	 Bae W, Ra E, Lee M (2025) Epigenetic regulation of reprogramming and 
pluripotency: insights from histone modifications and their implications 
for cancer stem cell therapies. Frontiers in Cell and Developmental Biolo-
gy 13: 1559183.

95.	 Wang K, Wen D, Xu X, Zhao R, Jiang F, et al. (2023) Extracellular matrix 
stiffness—The central cue for skin fibrosis. Frontiers in Molecular Biosci-
ences 10: 1132353.

Submission Link: https://biomedres.us/submit-manuscript.php

Assets of Publishing with us

•	 Global archiving of articles

•	 Immediate, unrestricted online access

•	 Rigorous Peer Review Process

•	 Authors Retain Copyrights

•	 Unique DOI for all articles

https://biomedres.us/

This work is licensed under Creative
Commons Attribution 4.0 License

ISSN: 2574-1241
DOI: 10.26717/BJSTR.2026.65.010161
Elnaz Abedini. Biomed J Sci & Tech Res 

1https://dx.doi.org/10.26717/BJSTR.2026.65.010161
https://www.cell.com/biophysj/fulltext/S0006-3495(23)02169-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0006349523021690%3Fshowall%3Dtrue
https://www.cell.com/biophysj/fulltext/S0006-3495(23)02169-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0006349523021690%3Fshowall%3Dtrue
https://www.cell.com/biophysj/fulltext/S0006-3495(23)02169-0?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0006349523021690%3Fshowall%3Dtrue
https://pmc.ncbi.nlm.nih.gov/articles/PMC4928132/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4928132/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4928132/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4928132/
https://www.nature.com/articles/s41368-025-00353-z
https://www.nature.com/articles/s41368-025-00353-z
https://www.nature.com/articles/s41368-025-00353-z
https://pubmed.ncbi.nlm.nih.gov/27402842/
https://pubmed.ncbi.nlm.nih.gov/27402842/
https://pubmed.ncbi.nlm.nih.gov/27402842/
https://pubmed.ncbi.nlm.nih.gov/27402842/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11911487/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11911487/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11911487/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11911487/
https://pubmed.ncbi.nlm.nih.gov/36968277/
https://pubmed.ncbi.nlm.nih.gov/36968277/
https://pubmed.ncbi.nlm.nih.gov/36968277/
1https://dx.doi.org/10.26717/BJSTR.2026.65.010161

