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Abstract
The occurrence and development of tumors depend on a complex regulation by not only 
biochemical cues, but also biomechanical factors in tumor microenvironment. With the 
development of epigenetic theory, the regulation of biomechanical stimulation on tumor 
progress genetically is not enough to fully illustrate the mechanism of tumorigenesis. 
However, biomechanical regulation on tumor progress epigenetically is still in its infancy. 
Therefore, it is particularly important to integrate the existing relevant researches and 
develop the potential exploration. This work sorted out the existing researches on the regu-
lation of tumor by biomechanical factors through epigenetic means, which contains sum-
marizing the tumor epigenetic regulatory mode by biomechanical factors, exhibiting the 
influence of epigenetic regulation under mechanical stimulation, illustrating its existing 
applications, and prospecting the potential. This review aims to display the relevant knowl-
edge through integrating the existing studies on epigenetic regulation in tumorigenesis 
under mechanical stimulation so as to provide theoretical basis and new ideas for potential 
follow-up research and clinical applications.
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1 Introduction

The occurrence and development of tumor is a complex process with multi-step. Besides 
biochemical regulation, the complex regulation of biomechanical factors in tumor microen-
vironment at the tissue, cell, and even molecular level is one of the factors that determine 
tumor initiation, malignant development, metastasis, and adhesion, which even show a tar-
geted role in tumor therapy [1]. Because there are many kinds of biomechanical stimuli, 
such as shear stress, tissue/matrix stiffness, stress/curl effect, and even subcellular nuclear 
stiffness, the means to realize its regulatory effect are also different. At cell level, the cell/
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cell or cell/matrix adhesion is modified by the mechanical microenvironment, which makes 
the cells obtain a more migratory phenotype and ability [2]. At protein level, mechanical 
stimulation can directly regulate apoptosis related proteins and tumor cell activity [3]. At 
gene level, biomechanical factors can activate or inactivate proto-oncogenes and regulate 
tumor initiation [4]. However, these regulatory effects focus on genetic regulation. With 
the disclosure of epigenetic mechanism, the original regulation mechanism is not enough 
to fully reveal the mechanism. Studying and summarizing the regulation of biomechanical 
stimulation on tumor development by epigenetic means will help to enrich the mechano-
biological mechanism and provide hope for seeking new therapeutic targets.

Epigenetic regulation is the posttranscriptional regulation of gene expression without 
interfering with gene transcription. It can be roughly divided into three types: DNA activ-
ity regulation, histone modification, and RNA-based regulation [5]. DNA activity can be 
regulated by methylation/demethylation, acetylation/deacetylation, etc. Histone modifica-
tion includes histone methylation, acetylation, ubiquitin modification, phosphorylation, 
isomerization, etc. RNA-based epigenetic regulation can be divided into RNA modifica-
tion and regulation by special RNA. Methylation usually makes genes lose transcriptional 
activity, while acetylation activates gene activity or function. As to epigenetic modification 
based on RNA, the effects on gene activity generally need to be judged according to its 
type [6].

Although there are many ways of epigenetic regulation, they all likely could be caused 
by stimulation inside and/or outside cells or tissues. It is reported that some epigenetic 
regulatory means can be stimulated by mechanical factors, such as DNA methylation and 
histone modification [7]. Moreover, in the complex mechanical microenvironment, a vari-
ety of epigenetic modes also show the potential to regulate cell properties in response to 
mechanical stimuli. This provides a theoretical basis for the complex tumor mechanical 
microenvironment to regulate tumor development through epigenetic ways. And based on 
the existing research, this is partially confirmed. However, the regulation mechanism is not 
exhaustive and has not been widely concerned because the information or knowledge is too 
scattered. Therefore, summarizing these regulatory effects can deepen the understanding of 
this problem.

Having acquired a certain understanding of the mechanism of biomechanical factors 
regulating tumor development by epigenetic means, it is still an irreplaceable ultimate goal 
to extend these theories to clinical application, which can improve the outcome of tumor 
treatment. At present, some epigenetic inhibitors have been developed mainly for differ-
ent epigenetic modes, such as targeted DNA methylation, acetylation, histone modification, 
and complex RNA regulation [8]. But this is far from enough, because although a small 
part of these drugs has been approved by Food and Drug Administration (FDA), most of 
them are only in clinical trials and the results may not be ideal. What’s more, some inhibi-
tors just stay in the stage of basic research [9]. At the same time, how to accurately and 
efficiently deliver these drugs to the lesion and how to provide effective intake methods are 
also major difficulties to be solved. At present, the developed delivery systems have allevi-
ated this problem but they are stretched when it comes to a wide universality or targeted 
personalized therapy. Therefore, the integration of common epidrugs and delivery systems 
will help to provide new treatment strategies.

In this review, the existing and potential epigenetic methods, effects, and mechanisms 
that can stimulate the initiation and development of tumors under biomechanical stimu-
lation are summarized. Then, the applications of epidrugs and their delivery systems are 
simply reviewed and the scientific research and development directions that may improve 
the clinical effect are prospected finally. Through this review, the understanding of the 
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mechanism and targeting significance of biomechanical factors regulating tumor devel-
opment through epigenetic means is intended to be highlighted as well as its clinical 
potentials.

2  Epigenetic regulation of cancer under biomechanical stimulation

Biomechanical factors play a vital regulatory role in tumorigenesis. There are many  
ways to achieve it, including regulating the connection between extracellular matrix (ECM) 
and cells [10], the crosstalk between cells, the transduction of signal molecules between 
cells [11], the transformation of intracellular signal, and the remodeling of mechanical 
properties of cells [12]. Mechanistically, besides genetic regulation, epigenetic regulation 
is indispensable, which refers to model gene expression without disturbing its transcrip-
tion. In this part, the basic concept and the normal epigenetic regulations are elaborated 
(Fig. 1) and the process that epigenetic method involved in controlling cell properties by 
biomechanical factors is summarized based on existing researches.

2.1  DNA methylation

DNA methylation is a process or an effect that adds a methyl group to the 5-carbon of cyto-
sine residues, which is usually located at the cytosine-phosphate-guanine (CpG) dinucleo-
tide site(s) [13]. The decoration of methylation modifies the conformation and mechanical 
properties of DNA, which regulates the internal transcription mechanism of cells without 
altering DNA sequence and usually results to the suppression of gene transcription [14].

There are two modes of methylation regulation under biomechanical stimulation in 
tumor: One is demethylation within regions of the genome, and another is methylation of 
special CpG sites [15], during which DNA methyltransferase (DNMT) plays a key role. 
The methylation changes induced by mechanical factors regulate the activity and prolifera-
tion of tumor cells. In an asymmetrical flow field-flow fractionation–based research, the 
activity changes in DNMT1, but not DNMT3A and DNMT3B, induced by shear stress 
have been detected recently. Based on the fact that the activity of DNMT1 is further inhib-
ited by combining with a new aptamer, the proliferation of Hela cells and MCF-10A cells 
were inhibited [16]. DNMT1 is mainly an enzyme for maintenance to ensure the conserva-
tion of methylation process during somatic cell division, while DNMT3A and 3B regu-
late DNA methylation from scratch. In a special mode, DNMT3A, 3B, and nucleosome 
core particles form a complex with catalytic activity resulting to the interaction with DNA. 
This function reported previously is involved in mechanical microenvironment stimulated 
tumor-repopulating cells (TRCs) (cancer stem cell–like cells) selection and further indi-
cates that the complex, especially the core members DNMT3A and DNMT 3B, is sensitive 
to biomechanical cues [17]. In CpG mode of methylation regulation, although the meth-
ylation status of each CpG site under mechanical stimuli is a complex event, the score of 
cytosine region is an overall evaluation of the compound methylation of multiple cells. 
As to the regulation, there is usually an inverse relationship between hypermethylation 
and mRNA expression in the disturbed blood flow region in  vivo when CpG is located 
upstream of the promoter as summarized above, which is conditionally and selectively 
applied when methylated cytosine is intragenic [18].

To realize the methylated inverse of the transcription, key regulators in biomechanics-
driven DNA methylation of cancer cells is necessary. However, only a limited number of 
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key genes/proteins have been reported, which is different with the research on cardiovas-
cular disease [19]. Yes-associated protein (YAP) as a mechanotransducer links the physical 
and mechanical properties of microenvironment with malignant behavior of tumor cells 
through the methylation of its promoter. In gastric cancer cells, the interaction between 
YAP and DNA methylation inhibitors, grainyhead-like transcription factor 2, tet methylcy-
tosine dioxygenase 2 (TET2), and lysine methyltransferase 2A can promote hypomethyla-
tion of YAP promoter and rigidity-induced carcinogenic activation of YAP, which could 
be reversed by softening the matrix stiffness. It indicates that epigenetic reprogramming 
of biomechanical properties of ECM may be a therapeutic target to preclinical and clinical 
tumor inhibition [20]. Moreover, Ras association domain family member 1A (RASSF1A) 
is a tumor suppressor of lung cancer by its promoter methylation and the resulting expres-
sion silence [21]. The epigenetic silencing of RASSF1A is due to increased tumor ECM 
stiffness, and lung cancer cells with RASSF1A promoter methylation showed enhanced 
expression of prolyl 4-hydroxylase alpha-2 (P4HA2), which increased collagen deposi-
tion and ECM rigid. Therefore, a regulatory loop is formed. The higher the methylation 

Fig. 1  Normal regulation of epigenetic ways. a Modification of RNA. m6Am methylation, m5C methyl-
ation, m1A methylation, amino substitution, hydroxylation, and m6A methylation are listed from left to 
right. b Modulation of histone. K, lysine; T, threonine; S, serine; R, Arginine. c Epigenetic modification 
of DNA. DNA methylation, hydroxylation, aldehyde, and carboxylation is shown. d Non-coding RNA dis-
cussed in this work including miRNA, lncRNA, and circRNA is shown
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degree of RASSF1A, the more ECM deposition, resulting in the higher matrix stiffness 
of the extracellular microenvironment, which further induces the increase of the methyla-
tion degree of CpG, including RASSF1A. However, these can be reversed by re-expressing 
RASSF1A and inhibiting P4HA2 activity through promoting cancer stem-like cell differ-
entiation [22]. The regulation of RASSF1A inspires that it may be a biomarker related to 
biomechanical cues in ECM and predicts the risk of cancer.

Considering that only a limited number of studies have reported that mechanical stimula-
tion regulates tumor properties by methylation, it is hypothesized that traditional methyla-
tion regulators or genes that can respond to mechanical stimulation may have the potential 
to explain the mechanobiological mechanism of mechanical stimulation regulating the prop-
erties of tumor by methylation. Some of the regulatory factors are fat mass- and obesity-
associated protein [23], desmoplakin [24], signal transducer and activator of transcription 3 
[25], etc., and more molecules need to be further explored and discovered.

2.2  Histone modification and chromatin remodeling

In the nucleus, chromatin DNA is wrapped around by histone to form a complex unit based 
on nucleosome, in which about 150 bp of DNA wrapped around the core of each histone 
octamer. Histone modify could be realized by lysine acetylation, methylation, and serine 
phosphorylation, because the terminal domain of the histone shows a structure like “tail” 
[26]. In rare cases, the regulation may be lysine ubiquitination and sulfonation.

2.2.1  Histone acetylation and deacetylation

When exposed to mechanical stimulation, the most dynamic way of histone regulation 
to disturb DNA hinder and module tumor progress is lysine acetylation regulated by 
histone acetylases (HAC) or deacetylases (HDAC). HAC or DHAC in normal human 
cells responding to mechanical stimulation will have the potential to participate in the 
regulation of mechanical stimulation on tumorigenesis. Males absent on the first (MOF) 
is a HAC that plays critical roles in liver fibrosis whose transcription activation is regu-
lated be acetylating histone 3 lysine 16 [27]. As is known, liver fibrosis is a cause to 
hepatoma, in which the stiffness of liver tissue gradually increases with the development 
of the disease and cause immune escape [28]. Only if MOF can respond to the stiffness 
changes mentioned above, it may play a regulatory role in the occurrence and develop-
ment of hepatoma. The effect of matrix stiffness on tumor cells is significantly differ-
ent from matrix metalloproteins (MMPs) widely existing in cell microenvironment. The 
matrix stiffness provides physical stimulation, which can promote cancer stem cells to 
escape and metastasize, while MMPs can affect both intercellular and cell–matrix com-
munication by regulating the activity of many plasma member–anchored and extracel-
lular proteins, thereby favoring cancer growth and metastasis [29]. Besides, mechanical 
factors modulate tumorigenesis by acetylating or deacetylating tumor-related genes. In 
human breast tumor, mechanical stimulation and malignant development are caused by 
the accumulation of type I collagen, in which the expression of type I collagen gene 
(COL1A1) is activated by myocardin-related transcription factor A (MRTFA). The 
interaction of MRTF-A with COL1A1 promoter results to the enhancement of COL1A1 
histone acetylation and RNA polymerase II recruitment leading to the transcription of 
COL1A1, which could be inhibited by the absence of MRTF-A [30]. Similarly, breast 
tumor cells cultured in stiff 3D matrix (2 kPa) exhibit more accessible chromatin sites, 
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and stiff ECM induces tumorigenic phenotypes through boosting stiffness-mediated 
tumorigenicity by combining of histone deacetylases 3/8 and transcription factor Sp1 
[31]. These regulations indicated that (de)acetylation of some tumor-related genes 
can be activated by mechanical stimulation and become potential targets for precise 
treatment.

2.2.2  Histone methylation

Another stable modification of histone tail is lysine and arginine methylation, in which 
histone-N-methyltransferase involved [32]. In the application of mechanical cues that regu-
lates tumor properties, soft matrix (100 Pa) induces the demethylation of histone 3 lysine 
9 (H3K9) in TRCs to maintain their own growth [33]. The expression of focal adhesion 
kinase (FAK) and H3K9 methylation levels is lower in TRCs in soft fibrin matrix than 
control melanoma cells, and overexpressing FAK enhances H3K9 methylation, which can 
be restored by the presence of cell division control protein 42 homolog (CDC42) and Ras 
homolog family member A (RhoA). Furthermore, silencing FAK, CDC42, or RhoA pro-
motes sex determining region Y-box 2 expression, whose suppression reduces growth of 
TRCs in soft matrices [34]. In one word, the downregulation of H3K9 methylation medi-
ated by soft fibrin matrix through reduction of CDC42 promotes TRC growth.

2.2.3  Other ways of histone modification

In addition, histone modification that regulates tumor progress under mechanical stimula-
tion may also include phosphorylation, ubiquitination, and ribosylation. Histone phospho-
rylation involving DNA damage refers to the addition of a phosphate group to the four tails 
of histones, such as in situ histone H3 phosphorylation (ser10). Histone ubiquitination is 
usually referred to the ubiquitination nucleosome, the basic structural unit of chromatin, 
which plays a role in the dynamic gene replication and transcription program [35]. His-
tone glycosylation was first found in H2B region, which was modified by the addition of 
O-linked N-acetylglucosamine. However, limited by the current research progress, there is 
no report about the effect of mechanical factors on the properties and malignant develop-
ment of tumor explained through ways above. Therefore, this is not only the bottlenecks of 
the existing research, but also the challenges in the future work.

2.3  RNA‑based machinery

The RNA-based epigenetic regulation is mainly realized by non-coding RNAs (ncRNA), 
which are derived from noncoding sequences in the transcriptome and target to newly 
synthesized mRNA [36]. According to the size, ncRNA can be divided into two promi-
nent types: (i) long non-coding RNA (lncRNA, molecular size > 200 bp), including long 
intergenic non-coding RNA, circular RNA (circRNA), natural antisense transcripts and 
enhancer RNA; (ii) small non-coding RNA (sncRNA, molecular size < 200 bp), including 
microRNA (miRNA) (consists of 20–25 nucleotides) and P-element-induced wimpy testis-
interacting RNA. Here, it is reviewed the role of miRNA, lncRNA, and circRNA in the 
regulation of tumor properties by biomechanical factors.
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2.3.1  MiRNA

MiRNAs function as posttranscriptional regulators by typically inhibiting or silencing their 
target mRNAs through interacting with their 3′-untranslated regions. They are highly con-
served assembled by 20–25 nucleotides [37] and powerful in modeling almost all aspects 
of cancer biology, which are effective in regulating the cancer development by mechanical 
factors.

In response to the mechanical stimulation of tumor microenvironment, miRNA regu-
lates the properties of tumor cells by directly inhibiting its target genes. It is illustrated by 
an in vitro compression model that biomechanical compression (about 7.73 kPa)–induced 
DNMT3A-dependent methylation decreases the expression of miR-9 in MDA-MB-231 and 
BT-474 cells and cancer-associated fibroblasts, which enhances the progressed phenotype 
of breast tumor. Furthermore, target genes of miRNA-9 boosts were accompanied with its 
flop and result in the enhanced expression of vascular endothelial growth factors (VEGF) 
and the following malignant phenotype [38]. Likewise, there are other kinds of miRNAs 
that perform similar functions under mechanical stimulation [39]. This regulatory mecha-
nism can highlight the response of miRNA to mechanical stimulation, reflecting the unique 
mechanical response properties of some miRNAs. Moreover, the use of this property can 
better involve targeted therapeutic drugs targeting specific miRNAs, for which miRNA 
could realize its role in regulating tumor cells under mechanical cues by indirect ways play-
ing as a mediator. The gradually increased matrix stiffness coming along with the tumor 
progression upregulates miRNA-18a through activating integrin, β-catenin, and MYC 
proto-oncogene (MYC) leading to the reduction of tumor suppressor phosphatase and ten-
sin homolog (PTEN) and homeobox A9 (HOXA9) in luminal breast cancers, which is also 
proved by clinical trials in human and mouse [40]. This discovery uncovers the mediator 
role of miRNA-18a in regulating tumor progression when facing biomechanical stimuli, 
which suggests the importance of exploring the upstream regulatory factors of miRNA. 
To do that, it is helpful to enrich the regulatory network and deepen the understanding of 
mechanical factors in regulating tumor. In addition, miRNA can also participate in the reg-
ulation of tumor properties by biomechanical factors in the form of complex. The reason is 
that miRNAs connect each other as an interactive network and the active/inactive of single 
miRNA leads to quite limited physiological effects, which indicates a narrower therapeutic 
potential than that expected [41]. It means that the regulation of tumor properties can be 
modulated by the combination of certain number of miRNAs or miRNA-mRNA. How-
ever, whether it is suitable and applicable in biomechanical microenvironment is worthy of 
attention in the future work.

2.3.2  LncRNA

Thousands of lncRNAs classified in diverse population in mammalian genome were identi-
fied at present, whose potential in epigenetic regulation of tumor under mechanical stimu-
lation has caught the eye of countless people. The regulation of lncRNA on cancer contains 
epithelial-mesenchymal transition (EMT), cell migration, proliferation [42], resistance 
to anoikis [43], and angiogenesis [44]. Although lacking the coding potential except for 
minority ones, lncRNAs are well-characterized in gene silence [45].

There are few reports that confirmed the regulation of lncRNA on tumor cell prop-
erties in responding to mechanical stimulation, which neither covers all the regulation 



290 B. Zhao, Y. Lv 

1 3

modes of lncRNA [46]. LncRNA can directly conduct mechanical stimulation in ECM 
and regulate mechanotransduction factors resulting to the modulation of tumor prop-
erties. In the process of perceiving ECM stiffness and transforming it into biochemi-
cal signal, the location of lncRNA nuclear parapecker assembly transcript 1 (NEAT1) 
defines the mechanical sensitivity of U2OS, 143B, and MDA-MB-231 cells. Compared 
with stiff hydrogel (40 kPa), the NEAT1 aggregation in the nucleus is increased in cells 
cultured on soft hydrogel (3 kPa) and leads to the activity/inactivity of YAP and MRTF-
A, which is accompanied by enhanced migration of cells on stiff hydrogels [47]. This 
finding suggests that lncRNA may be an important mechanosensor in cancer mecha-
nobiology. To achieve this goal, relevant target genes are also needed. For example, if 
cellular-mesenchymal epithelial transition factor and caveolin-1 are blocked, LncRNA 
HOX transcript antisense intergenic RNA (HOTAIR) will be invalid to help escape 
from invasion and aggression of various cancer types when exposed to fluid shear stress 
[48, 49]. Meanwhile, the target genes could also be miRNAs. LncRNA cancer suscep-
tibility candidate 11 promotes bladder cancer proliferation through miRNA-150 [50], 
lncRNA promoter and pre-rRNA antisense aggravate gastric cancer progression through 
miRNA-188-5p [51], lncRNA is associated with poor prognosis of hepatic cell carci-
noma advances of non-small cell lung cancer progression through miRNA-204 [52], etc. 
However, there is no mechanism of lncRNA regulating tumor cell properties through 
miRNA in mechanical microenvironment that has been reported. Associating the above-
mentioned special mechanosensitive miRNA and lncRNA’s mechanosensor functions, 
it is easy to speculate that lncRNA and miRNA with mechanoresponse capability may 
have potential in regulating the tumor progression when exposed to mechanical cues, 
which would fill the gaps in the above mechanism research [53].

3  The effect of biomechanical cues on tumor through epigenetics

Since the regulation of tumor by biomechanical factors is accompanied with the whole pro-
cess of tumor initiation and development (Fig. 2), the regulation of tumor by biomechani-
cal factors through epigenetic ways may involve multiple levels. Macroscopically, epige-
netic regulation has an impact on the initiation and development of tumor tissue and tissue 
characteristics [54], while microscopically, epigenetic ways can also regulate cell proper-
ties and the characteristics of organelles. This part summarizes the regulation of epigenetic 
regulation on tumor from the tissue level, cell level, and subcellular level.

3.1  Tissue level

There are countless types of mechanical factors that accompany tumor development. The 
overall stiffness of solid tumors is higher than that of adjacent tissues, which may be due 
to the abnormal deposition of ECM in tumor tissues [55]. Meanwhile, there is a stiffness 
gradient from the outside to the inside of the solid tumor, that is, stiff outside and soft 
inside [56]. At the same time, the regulation of interstitial fluid pressure existing in specific 
internal region cannot be ignored, which is one of the main causes of tumor heterogeneity 
through epigenetic ways [57]. In addition, shear stress and surface tension are also mechan-
ical factors that regulate the malignant development of tumor epigenetically [58].
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3.1.1  Tissue stiffness regulates tumor progress epigenetically

The difference of stiffness between tumor tissue and surrounding tissue provides a 
mechanical microenvironment for RNA-based epigenetic regulation. It has been proved 
that miRNA (as sncRNA) and lncRNA that involved posttranscriptional regulation have 
emerged in many types of solid tumor. The increase of matrix stiffness in human breast 
tissue induces high expression of miRNA-18a, which decreases the level of PTEN (a 
tumor suppressor) and reduces the expression of HOXA9. Based on this, the integrin sig-
nal in tumor cells is activated by β-catenin and MYC and then drives tumor progression. 
Combined with clinical data, the regulation of miRNA-18a is positively correlated with 
the decreasing of PTEN and HOXA9. Therefore, the boosted tissue mechanics regulates 
the activation of miRNA dependent PTEN to promote the malignant progression of breast 
tumor, which also suggests that miRNA-18a, PTEN, and HOXA9 are biomarkers of clini-
cal prognosis for breast tumor [40].

3.1.2  Tissue viscoelasticity regulates tumor progress epigenetically

The mechanical properties of tumor tissue are both elastic and viscous, which determine 
that its interior is uneven, discontinuous, and anisotropic, so there are often internal 
and external layers in the structure. In these different layers of structure, the mechani-
cal information is transmitted in different ways. Based on this, tissue viscoelasticity is a 
key ECM mechanical factor, which regulates tumor gene expression and tumor growth 
epigenetically by modeling miRNA expression. In breast tumor tissue, the activity of 
heparanase is regulated by miRNA-1258 directly resulting to the metastasis to brain of 
tumor cells, in which the key limitation is the impediment provided by the elastic scaf-
fold in breast tumor microenvironment (TME) [59]. The expression of miRNA-1258 is 

Fig. 2  Mechanical factors in tumor development. The mechanical stimulation in tumor development, but 
not limited to these, is summarized into three levels
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negatively correlated with the expression and activity of heparanase accompanied with 
the metastasis tendency clinically, which showed a lower expression in nonmalignant 
tumor or nonmetastatic human mammary tissue. So, the mechanism illustrated above 
in view of miRNA provides a theoretical basis for the development of miRNA-based 
therapy for brain metastasis under the influence of TME elasticity and structure [60].

3.1.3  Blood vessel–related biomechanical factors regulate tumor progress epigenetically

The formation of primary tumor and metastasis is inseparable from the supply of nutri-
ents and oxygen by blood vessels. Interstitial fluid pressure with different strengths 
and fluid shear stresses in blood vessels plays a regulatory role in the angiogenesis and 
development of blood vessels which are located in the different spatial points of solid 
tumors [61]. These complex biomechanical factors can regulate tumor development by 
modeling vascular function, among which epigenetic method stands out. The stiffness 
of liver tissue in the initial stage of carcinogenesis keeps the high expression of VEGF 
and protects the angiogenesis effect of VEGF, which leads to the demethylation of the 
VEGF receptor (VEGFR) resulting to the boost of extracellular VEGF-VEGFR sign-
aling [62, 63]. Consistently, demethylase shows the similar results in hyper-VEGFR-
methylation A549 lung cancer cells, which increase the VEGF content and tumor pro-
gression [64].

3.1.4  Mechanical properties of tumor‑related biomaterials regulate tumor progress 
epigenetically

Many in vitro tumor models or related biomaterials are designed to research the effects 
of ECM stiffness on tumor histologically. Patient-derived tumor organoids provide a 
potentially useful physiological model of tumor tissue [65]. However, traditional orga-
noid cultures that use universal matrix are difficult to adapt to a variety of unique tumor 
microenvironments [66]. Therefore, modified hydrogel substrates [67], polyacrylamide-
gelatin-based microwell with different stiffnesses [68], tumor sphere culture materials 
with variable stiffness regulated by collagen concentration [69], etc. were developed 
for further study. From the view of mechanobiological mechanism, the classic mech-
anotransductive collagen/integrin signal pathway is partially involved in an epige-
netic regulation. Collagen in ECM provides mechanical stimulation, with which inte-
grin molecules in the peripheral cells of tumor tissue transmit mechanical signals to 
cells through their connection. Integrin activation can be eliminated by fibromodulin 
(FMOD) C-terminal 9-mer wild-type peptide, which is upregulated owning to the lack 
of methylation of the gene promoter and induces the formation of filamentous actin 
stress fibers in glioblastoma (GBM) [70]. Upstream of this, mechanosensitive trans-
forming growth factor β (TGF-β) 1 provides the basement for biomechanical regulation 
[71] and models FMOD expression by epigenetically reconstructing its promoter, which 
is characterized by the acquisition of active histone markers and promoter demethyla-
tion while losing DNMT3A and enhancer of zeste homolog 2. So, the level of FMOD 
promoter methylation can predict the prognosis of GBM, which is a potential basis for 
therapeutic intervention [72].
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3.1.5  Mechanical property of tumor tissue regulates tumor development–related factors

The epigenetic regulation by biomechanical factors on tumor development also involves 
other aspects. During the progression of cancer, innate and adaptive immune cells are 
important components of tumor microenvironment, whose interaction with cancer cells 
ultimately promotes tumor growth and metastasis [73]. Understanding this crosstalk 
will help to improve epigenetic treatment methods and propose therapy plans. Moreo-
ver, as one of the characteristics of tumor cells is unlimited proliferation, the energy 
consumption of tumor tissue will be significantly higher than that of adjacent tissues. 
The metabolism modeled by the stiffness stimulation of tumor tissue and the surround-
ing tissue through epigenetics intervention will accompany the tumor progression [74]. 
In addition, cancer-related fibroblast (CAF) is the main component of tumor microen-
vironment, whose epigenetic regulation directly affects the malignant development of 
tumor [75]. Besides the secretion regulation of CAF itself, which can provide ECM bio-
factors for tumor tissue to promote deterioration, the crosstalk of CAF and tumor cells 
is also mediator affecting tumor progression [76]. The physical force in tumor tissue 
between tumor cells and CAFs promotes cooperative invasion of both types of cells. 
Pro-inflammatory cytokines secreted by them, such as leukemia inhibitory factor (LIF) 
and interleukin-6 (IL-6), mediate the epigenetic modification of CAFs. This enhances 
the pro-tumorigenic function of CAFs mediated by promoting actomyosin contractility 
and ECM remodeling to form the tracks used for collective cancer cell migration [77]. 
A stiff microenvironment can sustain lung fibroblast activation by silencing peroxisome 
proliferator–activated receptor co-activator-1α (PGC1α) via promoting H3K9 methyl-
ation. Fibroblast activation is initiated by a stiff matrix through increasing chromatin 
accessibility. However, activated myofibroblasts can decrease chromatin accessibility 
by increasing HDAC activity, which forms a vicious cycle that further contributes to 
matrix stiffness, while, when faced mechanical stretch, the linker of the nucleoskeleton 
and cytoskeleton complex controls cell fate by increasing the accessibility of chroma-
tin by transmitting mechanical stretch signals from integrin [78]. When cells in GBM 
are exposed to mechanical compression, miR-548 family induces a net of epigenetic 
signaling. The induced signaling was correlated to cell elongation, increased migration, 
decreased proliferation, and increased tumor aggression characteristics [79]. There may 
be other ways that biomechanical cues regulating tumor malignant process by epigenetic 
method; however, the possible regulatory process and mechanobiological mechanism 
still needs to be explored.

3.2  Cell level

It is a multi-step process from tumor occurrence to multiple organ failures caused by 
tumor, in which epigenetic regulation is one of the key means for biomechanical factors 
to regulate the properties of tumor cells involving initiation, growth, morphology defor-
mation, metabolism, migration, drug resistance, reaction to immunity or inflammation, 
etc. [80]. Understanding the cellular level epigenetic regulatory mechanisms (Fig.  3) 
can deepen the pathological development of tumor histologically and physiologically, as 
well as carry out the formulation of precise treatment policies and the development of 
targeted drugs.
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3.2.1  Mechanical stimulation regulates tumor initiation

Tumor initiation requires a special subpopulation of cells that experience reprogramming 
to promote the origination under biomechanical stimulation. When exposed to the stimula-
tion of biomechanics, the conditional dormancy of tumor cells regulated by epigenetic way 
is an important limiting step of tumor initiation [81]. It is recently illustrated that TRCs 
could response to mechanical cues and grow immediately when cultured in soft fibrin 
matrix (90  Pa) but keep dormancy on stiff matrix (1050  Pa) through epigenetic regula-
tion, which is initiated by translocation of CDC42 [82]. In detail, CDC42 is transported 
into the nucleus and then promotes the transcription of hydroxymethylating enzyme TET2. 
Mechanically, TET2 motivates the activity of cell cycle–inhibiting genes p27 and p21 and 
then induces dormancy epigenetically with integrin β3 decreased to maintain this effect. 
Furthermore, this epigenetic program mediated by matrix stiffness is confirmed in mouse 
models [83]. Thus, it highlights the potential of epigenetic therapy in tumor treatment by 
regulating ECM stiffness in tumor initiation stage.

Fig. 3  Epigenetic regulatory pathways stimulated by biomechanical factors in tumor cells. Mechanical 
stimulation is transformed into biochemical signals through intracellular transmission and transduction fac-
tors so as to realize the complex regulation of cell properties. Anti-tumor represents the effect of inhibiting 
tumorigenesis; pro-tumor represents the effect of promoting tumorigenesis. eIF4E, eukaryotic translation 
initiation factor 4E; EZH2, enhancer of zeste homolog 2; FSS, fluid shear stress; FZD, frizzled; TGFβR, 
TGF-β receptor; TCF/LEF, T-cell factor/lymphoid enhancer factor; SOX 2, SRY-box 2
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3.2.2  Mechanical stimulation regulates tumor cell proliferate

When tumor cells recover from dormancy, they begin to proliferate and grow. In this pro-
cess, the ECM is continuously deposited with the increase of the number of cells and the 
resulting mechanical stimulation regulates the growth of tumor cells through the epigenetic 
way of methylation. In tumor ECM, histone demethylase jumonji do-main containing 1a 
(JMJD1a) is downregulated and outflows the nuclear, which results to an epigenetic restric-
tion of breast (MDA-MB-231) and cervical (Hela) carcinoma cell growth. To uncover the 
molecular mechanism, it is found that JMJD1a positively regulates YAP transcription in a 
mechanosensitive and stiffness-dependent manner [84]. Besides the mechanical stimula-
tion generated by tumor tissue itself, ECM generated by CAF is often stiffer than that of 
mammary tissue, of which physical and structural characteristics are also promoters for 
cancer cell proliferation [85]. Therefore, the growth of tumor cells can be considered as an 
epigenetic regulatory event regulated by mechanical factors, which also inspires that epige-
netic targets are potential biomarkers for inhibiting cell proliferation.

3.2.3  Mechanical stimulation regulates tumor cell morphological changes

Due to the rapid proliferation of tumor cells, the cells gradually undergo morphologi-
cal changes under the restraint of adjacent tissues (including compression and tension), 
extravasation, and even hematogenous metastasis, which in most cases lead to cell polari-
zation and malignant phenotype. A significant change of cell morphology is the change of 
the state and organization of the cytoskeleton composed of actin, which provides awesome 
opportunities for mechanical factors to regulate cell deformation and skeleton through 
epigenetic methods and may even produce new cell subtypes [86]. In restraint space, key 
mechanoresponsive protein non-muscle myosin IIC (MYH14) accumulated under mechan-
ical stress is highly expressed in pancreatic cancer and also makes pancreatic cancer mech-
anoresponsive, which induces the transformation of globular actin skeleton into cortex 
and slows down the retrograde flow of actin. Therefore, the correlation of MYH14 to cell 
polarization indicates that targeting the actin cytoskeleton and other mechanoresponsive 
proteins is a new strategy to improve the survival rate from inhibiting malignant deforma-
tion [87]. In hematogenous metastasis, there is no restraint space, so the morphological 
changes could be regulated by other ways. It is newly found that the combination of sus-
pension state and shear stress can promote EMT of breast tumor cells through miRNA-29b 
through TGF-β, which makes the cells obtain tolerance to the adverse environment [88]. 
It proposes a regulation mechanism of cell deformation under novel stress condition and 
provides a new idea for tumor treatment.

3.2.4  Mechanical stimulation regulates tumor cell metabolism

In order to provide tumor cells with the energy to realize the changes of above proper-
ties, the function changes of mitochondrial function bear the brunt under the specific bio-
mechanical microenvironment. There are potassium channels in the inner membrane of 
mitochondria, which can regulate mitochondrial membrane potential and intracellular res-
piration. Membrane tension–derived mechanical stimulation increases the probability of 
large conductivity calcium activated potassium  (mitoBKCa) channel opening in U-87 MG 
cells. However, its mechanosensitivity is variable. The  mitoBKCa gene is epigenetically 
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hypermethylated by DNMT1 and DNMT3b under mechanical stimulation resulting to the 
accuracy of many splicing subtypes during the splicing process [89]. And only when the 
subtype derived by stress-regulated exon exists in the controlling unit, the regulatory pro-
tein is mechanosensitive [90]. This view preliminarily illustrates that membrane tension 
can regulate mitochondrial activity through epigenetic splicing and accordingly modulates 
function of mitochondria and cell metabolism. As mitochondria contains a set of their own 
DNA, besides the epigenetic regulation of ion channels, the changes of mitochondrial func-
tion can also be regulated by other potential epigenetic methods under the stimulation of 
mechanical factors, such as DNA methylation [91] and ncRNA regulation [92], so these 
means that there can be the potential regulatory factors for regulating cell metabolism and 
energy level.

3.2.5  Mechanical stimulation regulates tumor cell migration

After deformation and metabolic adjustment, tumor cells may migrate under the influence 
of mechanical stimulation. ECM stiffness can not only maintain the integrity of epithelial 
cells, but it can also trigger tumor cell metastasis in the process of carcinogenesis [93]. In 
an experimental mouse model, MDA-MB-231 cells expressing inter-alpha-trypsin inhibi-
tor heavy chain 5 (ITIH5) could hardly form lung metastasis. The reason is that ITIH5 
regulates integrin mechanical signal in this rare metastatic tumor cells and makes its recep-
tor shift toward integrin β1. This results in the reprograming activation of the promoter 
regions of tumor suppressor death-associated protein kinase 1 (DAPK1) and the forma-
tion of DNA structures with different degrees of methylation, which eventually leads to its 
high expression [94]. This suggests that the biomechanical stimulation of ECM determines 
the migration of tumor cells by reprogramming specific gene expression through meth-
ylation. Besides, some miRNAs also play a key role in the epigenetic regulation of tumor 
cell migration when exposed biomechanical stimulation. The microenvironment with com-
pressive solid stress (CSS) endows GBM differential motility and CSS of 23 Pa ensures 
that LN229 cells reach its migration peak [95]. The following bioinformatics prediction 
shows that the enhanced migration ability of cancer cells under the modulation of CSS was 
related to the activation of epigenetic signals. More deeply, miRNA-548 family members 
are involved in the regulation of CSS induced signal transduction [96].

3.2.6  Mechanical stimulation regulates other properties of tumor cells

In addition, epigenetic regulation of tumor cells by ubiquitous mechanical factors also 
involves drug resistance and response to inflammation or immunity. Desmosomes con-
fer the resistance to mechanical stimulation of epithelial cells (including epithelial cancer 
cells), for which desmoplakin (DSP) is down regulated by methylation [97]. Oppositely, 
overexpression of DSP in H157 cells leads to the decrease of transcription activity of T-cell 
factor/lymphoid enhancer factor resulting to the declined expressions of axis inhibition 
protein 2 (AXIN2) and MMP14, thus enhancing the drug resistance to gemcitabine. This 
indicates that DSP is inactivated by epigenetic mechanism under mechanical stimulation 
and increases the resistance of cells to anticancer drugs [98]. As for immune regulation, 
an example is briefly outlined. A microfluidic based “GBM-on-a-chip” microphysiologi-
cal system verified the heterogeneity of immunosuppression in tumor microenvironment. 
Different GBM subtypes have different epigenetic and immune characteristics. At the 
same time, the combination of programmed cell death protein-1 inhibitor nivolumab and 
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colony-stimulating factor 1 receptor inhibitor BLZ945 can promote GBM apoptosis, which 
provides a way for precise immunotherapy of GBM [99].

3.3  Subcellular

The epigenetic regulation of biomechanical stimulation on cells is not only reflected in 
the tissue and cell level, but also can be extended to the subcellular level. The nuclear can 
respond to the stimulation of biomechanics transmitted from cell membrane through the 
cytoskeleton and modulate its own mechanical properties [100]. This provides a basis 
for mechanical stimulation to regulate the properties of the nucleus by epigenetic means 
and also indicates the possibility that the nucleus affects the properties of the cell. The 
mechanical interaction between nucleus and cell is indispensable in the development of 
tumor (Fig. 4).

3.3.1  Epigenetic regulation of nuclear biomechanics

Biomechanical factors regulate the properties of the nucleus epigenetically mainly by the 
way that transferring mechanical stimulation to the nucleus through the cytoskeleton [101] 
and resulting in chromatin remodeling or epigenetic modification [102, 103]. Studies show 
the cytoskeleton effects on chromatin organization and its access to transcription machin-
ery under biomechanical stimulation, whose change of mechanical state is related to the 
increase of histone acetylation promoting the transcriptional activity of chromatin [104]. By 

Fig. 4  Epigenetic regulatory pathways stimulated by biomechanical factors in nuclear. The mechanical 
properties of nucleus and cell properties are interrelated. The nucleus not only responds to the mechanical 
stimulation transmitted through the cytoskeleton, but also affects the overall properties of cells through the 
changes of its own mechanical properties. KMT, lysine methyltransferase



298 B. Zhao, Y. Lv 

1 3

regulating the nuclear shuttling of HDACs, mechanical stress alters gene expression through 
cytoskeleton, which is impaired by inhibition of actin-myosin contractility [105]. In addi-
tion, histone methylation is also involved in the above process. For example, the methylation 
of histone 3 lysine 4 (H3K4) regulates TGF-β activity in a MRTF-dependent manner, whose 
silencing reduces disposition of H3K4 and chromatin structure stability [106].

Chromatin is one of the determinants of nuclear stiffness, the role of which could be 
realized by epigenetic regulation in many ways. For example, exposing to divalent cations 
can promote the condensation of chromatin that increases the stiffness of nucleus [107], 
while the use of epigenetic drugs can depolymerize chromatin and then soften nucleus 
[108]. Similarly, histone tailing and DNA linker induction are also essential for maintain-
ing nuclear rigidity [109]. Specially, in the process of confined migration, chromatin inac-
tivation caused by 3D environment reduces the nuclear stiffness [110].

3.3.2  Effect of nuclear mechanical state on cell properties

The mechanical properties of the nucleus can reversely regulate the properties of the cell 
epigenetically. Lamin A/C expression in neuroblastoma cells is inhibited which indicates 
that the nucleus became soft, thus promoting cell proliferation and migration, but exog-
enous Lmain A/C (encoded by LMNA gene) application inhibits this change [111]. It is 
found that high-frequency methylation appears in the promoter region of LMNA gene, 
which contributes to the inactivation of Lamin A/C expression in cells. This shows that 
the nucleus stiffness can modulate cell properties through methylation [112]. Meanwhile, 
the drug resistance and cell stiffness could be also regulated by nuclear rigidity. Polyploid 
giant cancer cells can be found in advanced or post chemotherapy tumor specimens, which 
show the stemness associated with recurrence [113] and higher nuclear rigidity than pri-
mary tumor [114]. Through multi-particle tracking analysis, it is observed that the increase 
of nuclear stiffness makes the cells more tolerant to mechanical stimulation and more 
insensitive to paclitaxel (PTX). Mechanistically, the increase of nuclear stiffness improves 
the actin cytoskeleton contract state, which eventually leads to the increase of cell rigidity 
and resistance to PTX [115]. The discovery of this biophysical mechanism provides a reli-
able new idea for the development of epigenetic drugs.

In addition, the regulation of nucleus on cell properties may involve EMT regulation, 
invasion, growth, etc., but the epigenetic mechanism still needs to be further explored, 
which provides a theoretical basis for subsequent clinical research and application.

4  Potential for epigenetic treatment of cancer

Having emphasized that biomechanical factors regulate tumorigenesis through epigenet-
ics, these basic research results will hopefully be put into practical application. At present, 
some tumor drugs targeting epigenetic factors have been developed. The targets include the 
following: DNA methylation [116], histone acetylation [117], histone methylation [118], 
special markers [119], RNA modification [120], etc. Although these drugs are not spe-
cifically developed for biophysical or biomechanical factors, they can indeed inhibit the 
epigenetic changes of tumors caused by physical factors by taking alone or in combina-
tion. Besides the combination of different epidrugs [121], epidrugs can be combined with 
radiotherapy, chemotherapy, differentiation agents, and new targeted drugs to treat tumors 
[122], as well as cytotoxic drugs [123], immunotherapy [124], and multiple combinations 
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[125]. Moreover, some nanoparticle (NP) delivery systems have been developed to meet 
the needs of clinical treatment [126]. At present, the NPs used mainly include degradable 
polymer nanoparticles, dendrimers, solid lipid nanoparticles, liposomes, inorganic mate-
rials, and natural biomaterials (Fig. 5). It is hoped that the combination of epidrugs and 
appropriate delivery systems can effectively improve the efficiency of cancer treatment.

5  Conclusions and perspectives

Based on the existing foundation, some outlook should be considered.

1. Map of spatially/timely biomechanical epigenetics. In solid tumors, with the growth of 
tumors, there are mechanical stimuli such as stiffness gradient acting on tumor cells, 
which provides a biomechanical microenvironment for epigenetic regulation. Therefore, 
it reveals an epigenetic regulation change corresponding to the spatial/temporal changes 
of biomechanical factors, which will help to further explain the regulation of mechanical 
factors in tumor development through epigenetic pathway.

Fig. 5  Nanoparticles used in epidrug delivery system. a Dendrimers. b Inorganic materials. c Natural bio-
materials. d Degradable polymer nanoparticles. e Liposomes. f Solid lipid nanoparticles. NPs are usually 
used to load epidrugs and target to the lesions by blood injection or in situ injection to inhibit tumor devel-
opment
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2. Epidrug loading material with appropriate stiffness. Large or small wounds will be left 
after tumor surgery. If not treated, the wound will change with the extrusion of sur-
rounding tissues and the biomechanical state of cells here will change, which provides 
a mechanical basis for the occurrence of epigenetic changes. Therefore, the preparation 
of epidrug loading materials with suitable stiffness can carry epidrug for wounds and 
help to alleviate the disorder of epigenetic level.

3. Biomimetic prediction of epigenetically related regulation network. Although the current 
biomimetic research has been carried out in the field of tumor, it rarely involves epige-
netic regulation and let alone mechanical stimulation. Therefore, it will help to reason-
ably formulate targeted treatment strategies that constructing the epigenetic regulation 
network of tumor under mechanical stimulation in different stages of tumor development 
by means of biomimetics. There are many other such research perspectives, which are 
related to the epigenetic regulation under biomechanical stimulation, and the disclosure 
of its mechanism will contribute to clinical tumor treatment.

In conclusion, biomechanical factors play an indispensable role in regulating tumorigen-
esis epigenetically through a variety of modes. Exploring the regulatory mechanism and 
expanding the application field can develop a practical new approach to cancer treatment. 
Although further research is needed, the treatment of tumor by biomechanical epigenetic 
means is expected in the future.
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