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Simple Summary: Tumor cells obtain various unique characteristics, which known as hallmarks
of cancers, including sustained proliferative signaling, apoptosis resistance, and metastasis. These
characteristics are crucial for tumor cells survival and for supporting their rapid growth. Studies
have revealed that tumorigenesis is also accompanied by alteration in mechanical properties. Tumor
cells could sense various mechanical forces, such as compressive force, shear stress, and portal vein
pressure, which in turn could affect tumor progression. Piezo1 is a mechanically sensitive ion channel
protein that can be activated mechanically, and is closely related to various diseases. Recent studies
showed that Piezo1 is overexpressed in numerous tumors and is associated with poor prognosis.
Furthermore, previous studies revealed that Piezo1 mediates these cancer hallmarks, and thus links
up mechanical forces with tumor progression. Therefore, the discovery of Piezo1 provides a new
insight for elucidating the mechanism of tumor progression under a mechanical microenvironment.

Abstract: Tumor cells alter their characteristics and behaviors during tumorigenesis. These char-
acteristics, known as hallmarks of cancer, are crucial for supporting their rapid growth, need for
energy, and adaptation to tumor microenvironment. Tumorigenesis is also accompanied by alteration
in mechanical properties. Cells in tumor tissue sense mechanical signals from the tumor microen-
vironment, which consequently drive the acquisition of hallmarks of cancer, including sustained
proliferative signaling, evading growth suppressors, apoptosis resistance, sustained angiogenesis,
metastasis, and immune evasion. Piezo-type mechanosensitive ion channel component 1 (Piezo1) is a
mechanically sensitive ion channel protein that can be activated mechanically and is closely related to
various diseases. Recent studies showed that Piezo1 mediates tumor development through multiple
mechanisms, and its overexpression is associated with poor prognosis. Therefore, the discovery of
Piezo1, which links-up physical factors with biological properties, provides a new insight for eluci-
dating the mechanism of tumor progression under a mechanical microenvironment, and suggests its
potential application as a tumor marker and therapeutic target. In this review, we summarize current
knowledge regarding the role of Piezo1 in regulating cancer hallmarks and the underlying molecular
mechanisms. Furthermore, we discuss the potential of Piezo1 as an antitumor therapeutic target and
the limitations that need to be overcome.

Keywords: Piezo1; ion channel; mechanical signals; hallmarks of cancer; tumorigenesis

1. Introduction

Mechanical forces are pervasive in living organisms [1]. For decades, researchers have
focused on the mechanical microenvironments to which various cells are subjected, provid-
ing more evidence about the links between physical conditions and biological pathways [2].
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Several types of mechanical forces have been reported to play crucial roles in physiological
conditions [3]. For example, endothelial cells in the blood and lymphatic vessels constantly
interact with luminal and abluminal extracellular environments that confer endothelial
physical forces, including shear stress, stretching, and stiffness [4]. Cells could sense
these mechanical forces and convert them into biochemical signals through a mechanical
transducer-mediated process, which ultimately affects biological behaviors, such as cell
proliferation, survival, and differentiation [5]. Furthermore, abnormal remodeling of the
extracellular mechanical environment and/or defects in the correct response to mechanical
cues lead to various diseases, such as fibrosis, muscle disease, and cancer [6]. Therefore,
mechanical cues play important roles in physiological and pathological processes [7], and
more systematic, detailed insights into the key mechanical sensors and mechanisms in-
volved in mechanical transduction are essential for developing new therapeutic strategies
against mechanical force-related diseases [8].

Piezo-type mechanosensitive ion channel component 1 (Piezo1), originally called
Fam38A, is a core component of the mechanically activated ion channel [9–11]. It has
attracted extensive attention since it was identified as a mechanically sensitive protein by
Ardem Patapoutian, who won the Nobel Prize in Physiology in 2021 for this discovery [12].
Studies have demonstrated that Piezo1 is a multipass transmembrane protein highly
conserved in vertebrates, with homologs in invertebrates, protozoa, and plants [13,14].
Piezo1 has special ion channel properties, as it could allow non-selective cation penetration
once the cell senses a mechanical stimulus, allowing potassium, sodium, magnesium,
and calcium (Ca2+) ions to pass through the cell membrane, with a slight preference for
Ca2+ [15–17]. Piezo1 senses mechanical cues, including membrane stretch [18], shear
flow [19], substrate stiffness [20], and tissue compression [21]; thereby causing the influx
of Ca2+, which in turn acts as the second messenger of signal transduction and controls
various physiological processes [22]. Hence, Piezo1 links mechanical forces to biological
signals, and mediates these mechanical responses as a type of biological mechanotransducer
to drive physiological and pathological processes, such as bone homeostasis, inflammation,
and atherosclerosis [23].

Recently, Piezo1 has been shown to participate in mediating multiple cancers
(Table 1) [24–45]. Tumorigenesis is an intricate process involving dynamic changes in
the genome that drive malignancy transformation [46,47]. These transformed cells ex-
hibit unique traits, such as sustained proliferative signaling, evading growth suppressors,
and apoptosis resistance, which are known as the hallmarks of cancer [48]. Meanwhile,
tumor tissues showed abnormal stiffness, compressive force, and shear stress compared
with normal tissues [49]. These mechanical forces can be sensed by tumor cells, and, in
turn, affect their characteristics, including proliferation, angiogenesis, and invasion po-
tentials [50]. Furthermore, Piezo1 is highly expressed in various tumors and is associated
with poor prognoses in most cancers (Table 1) [44,51]. As we discuss this further in the
following sections and summarize it in Table 2, activation of the Piezo1 channel, which
allows Ca2+ to pass through the cell membrane and in turn affects various downstream
signaling pathways, is closely linked with multiple hallmarks of malignancies.

Table 1. Piezo1 expression in various cancers.

Cancer Types Piezo1 Expression Prognosis Ref.

Breast cancer
Upregulated Poor [24–26]
Upregulated n/a [27]

Cholangiocarcinoma Upregulated Poor [28]
Colon cancer Upregulated Poor [29]
Esophageal Upregulated n/a [30]

Gastric cancer Upregulated Poor [31,32]

Glioma
Upregulated Poor [33–35]
Upregulated n/a [36]
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Table 1. Cont.

Cancer Types Piezo1 Expression Prognosis Ref.

Hepatocellular carcinoma Upregulated Poor [37]
Lung cancer Downregulated Good [38,39]

Oral squamous cell carcinoma Upregulated n/a [40]
Osteosarcoma Upregulated n/a [41]

Pancreatic cancer Upregulated Poor [42]
Prostate cancer Upregulated n/a [43]

Abbreviations: n/a: not available.

Table 2. Piezo1 regulation on hallmarks of cancer.

Hallmarks of Cancer Phenotypes Mechanisms Ref.

Sustained proliferative
signaling

Increases proliferation MAPKs/YAP pathway activation [52]
Increases proliferation YAP/Piezo1 pathway activation [40]
Increases proliferation AKT/mTOR pathway activation [53]
Increases proliferation Rab5c recruitment and TGF-β signaling activation [37]
Accelerates cell cycle CDK4 and Cyclin D1 expression [43]

Evading growth suppressors
Accelerates cell cycle p21/Rb pathway suppression [31]

Inhibits antigrowth signals p53/Bax expression suppression [30]
Inhibits antigrowth signals p21/Rb expression suppression [31]

Apoptosis resistance Suppress apoptosis Bax/Caspase-3 pathway suppression [52]
Suppress apoptosis p53/Bax pathway suppression [30]

Sustained angiogenesis Promotes angiogenesis HIF-1 stabilization [54]

Metastasis

Induces EMT Hippo/YAP pathway activation [28,37]
Promotes cell motility RhoA/Rac1 pathway activation [31]

Promotes invasion MCU/HIF-1/VEGF pathway activation [29]
Promotes invasion TFF1/integrin pathway activation [55]

Induces ECM degradation Src/MMPs pathway activation [56]
Promotes invasion Integrin/FAK pathway activation [35]

Immune evasion Promotes tumor
immunosuppression MDSCs infiltration [57]

Abbreviations: AKT: protein kinase B; Bax: B-cell lymphoma-2-associated X; Cdk4: cyclin-dependent kinase 4;
FAK: focal adhesion kinase; HIF-1α: hypoxia-inducible factor 1 alpha; MAPKs: p38 mitogen-activated protein
kinases; MCU: mitochondrial calcium uniporter; MDSCs: myeloid-derived suppressor cells; MMPs: matrix
metalloproteinases; mTOR: mechanistic target of rapamycin; Piezo1: piezo-type mechanosensitive ion channel
component 1; Rab5c: ras-related protein Rab-5C; Rac1: ras-related C3 botulinum toxin substrate 1; Rb: retinoblas-
toma protein; RhoA: ras homolog family member A; Src: Src proto-oncogene; TGF-β: transforming growth
factor-β; TFF1: trefoil factor 1; VEGF: vascular endothelial growth factor; YAP: yes-associated protein.

2. Structure of the PIEZO1 Ion Channel

Mammalian Piezo1 is an evolutionarily conserved ion channel protein containing
more than 2500 amino acid residues with a molecular weight of about 300 kDa. Piezo1
forms an about 900 kDa homotrimer with a trimeric propeller-like structure containing a
central cap and three distal blade-like structures as its extracellular domains, together with
42 transmembrane segments and three long beam-like structures that are located at the
intracellular region [58]. Topology determination demonstrated that the cap structure is
formed by residues ranging from 2214 to 2457, termed the C-terminal extracellular domain
(CED), and is located at the extracellular side. Meanwhile, each blade structure, which is
highly curved and mobile, and whose volume is comparable to the cap region, is composed
of approximately 700 amino acid residues forming nine repetitive units, each of which
contains four transmembrane helices [59].

The transmembrane region comprises transmembrane segments forming three periph-
eral wings and a central pore module [60]. The core transmembrane segments consist of
the inner helix (IH), which is the last transmembrane segment at the C-terminus, and the
outer helix (OH), which is likely the second-to-last transmembrane segment. Meanwhile,
peripheral transmembrane arrays are referred to as the peripheral helix (PH). The 12 PHs of
the same monomer are organized into six helical pairs and are connected to the extracellular



Cancers 2022, 14, 4955 4 of 16

blade. The OH structure is connected to PH through an anchor consisting of four continu-
ous α-helices. The anchor exists at the interface of the two adjacent subunits, forming a
unique hairpin structure parallel to the membrane surface. Furthermore, the intracellular
C-terminal domain (CTD), which is formed by 2481 to 2547 amino acid residues, is an
important section of the ion channel. The CTD interacts with the beam, whose diameter is
approximately 90 nm. The beam originates from the lower end of the PH in the transmem-
brane region and ends near the central axis of the channel complex. The special architecture
of the three beams suggests that not only can they support the transmembrane region
but also transmit conformational changes from extracellular blades [60]. These modules,
including three beams, three blades, a central cap, CTD, and transmembrane segments,
collectively form the basic physical skeleton of the Piezo1 homotrimer and are crucial
for its function as a mechanically sensitive ion channel (Figure 1). The Piezo1 channel
has a delicate force-sensing and mechanotransduction mechanism. The CED, CTD, and
transmembrane segments constitute the ion permeation pathway, determining the ion
conduction and selectivity of the Piezo1 channel, and subsequently, the Piezo1’s pore prop-
erties [61]. The CED constituted the cap structure, which is responsible for selecting cations
rather than anions to enter the pore and ensuring efficient ion conduction by electrostatics.
The CTD formed an intracellular vestibule; by virtue of two acidic residues (E2,495 and
E2,496), the CTD structure is crucial for determining ion selectivity between divalent and
monovalent cations and unitary conductance [62]. The Piezo1 channel could also widen
the ion-conducting pore, allowing organic cations, such as tetramethyl ammonium and
tetraethyl ammonium, to permeate the channel [63]. The non-pore-containing region, which
consists of residues 1 to 2190 at the N-terminal region, functions distinctly from the pore
module. The non-pore module can confer mechanosensitivity to the mechano-insensitive
trimeric acid-sensing ion channel-1, allowing it to function as an intrinsic mechanotrans-
duction module that sufficiently gates its separate pore module [63]. Taken together, the
Piezo1 channel employs mechanotransduction and ion-conducting modules to accomplish
its specialized functions in mechanical forces sensing, gating, and ion conduction.
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3. Roles of PIEZO1 in Cancer Hallmarks

Tumor progression is accompanied by a significant increase of solid tumor structural
components, such as cancer cells, stromal cells, and extracellular matrix constituents, which
lead to the increase of tumor stiffness, and thereby generate solid compression forces [64].

http://www.rcsb.org/pdb/home/home.do
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Solid compression forces in turn promote resistance to blood flow and interstitial fluid by
compressing blood and lymphatic vessels, leading to the increase of fluid pressure and
shear forces [65]. These mechanical forces in turn alter the properties of tumor cells and
promote the cancer hallmarks, including evading growth suppressors, apoptosis resistance,
sustained angiogenesis, and metastasis [66]. Furthermore, as will be summarized in the
following sections, recent studies have shed light on the role of Piezo1 as a mechanical
force sensor and transducer in various cancer hallmarks, linking up the mechanical sense
with the biological properties of tumor cells (Figure 2) [67].
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Figure 2. Schematic Diagram of Piezo1 Regulation on Hallmarks of Cancer. Mechanical stimu-
lation triggers Piezo1 regulation on various hallmarks of cancer, especially sustained proliferative
signaling, evading growth suppressors, apoptosis resistance, sustained angiogenesis, and metastasis.

3.1. Sustained Proliferative Signaling

Limitless cell proliferation is one of the most obvious and important cancer hall-
marks [48]. Normal cells need to be stimulated by pro-mitotic growth signals to exit from
the quiescent state and enter the active proliferation state. However, external growth signals
are not necessary for the proliferation of tumor cells [68]. Tumor cells can obtain sustained
proliferation signals due to the widespread presence of dominant oncogenes in tumor
cells and the overactivation of growth signaling pathways [69]. Previous studies have
shown that tumor cells could obtain sustained proliferative signals by sensing mechanical
signals [70]. Compared with the corresponding para-carcinoma tissues, Piezo1 is highly
expressed in clinical hepatic carcinoma, breast cancer, and pancreatic cancer tissues [33].
Furthermore, its expression exhibits strong positive correlations with tumor markers, such
as epidermal growth factor receptor (EGFR) and p38 mitogen-activated protein kinases
(MAPK) [33]. Previous studies revealed that increasing Piezo1 expression greatly enhanced
the proliferation potentials of various tumor cell lines, including malignant melanoma,
oral squamous cell carcinoma, and hepatocellular carcinoma (HCC), by affecting the pro-
tein kinase B (AKT)/mechanistic target of rapamycin (mTOR), MAPK, and transforming
growth factor-β (TGF-β) pathways, respectively [37,40,53]. Meanwhile, suppressing its
expression canceled its oncogenic effect, significantly reducing the size and weight of the
tumors formed in the xenograft model [31,54].
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Abundant evidence shows that Piezo1 regulates the expression of crucial genes in
the growth signaling pathway to control proliferation. MAPK is a major component of
numerous signal transduction cascades that transmit upstream signals to downstream
response molecules by sequential phosphorylation [71]. MAPK cascade could transmit
growth signals from the cell surface to the nucleus; as a result, it is crucial for maintaining
cell survival and proliferation potential [32]. Piezo1 promotes MAPKs phosphorylation
and, subsequently, HCC proliferation by increasing the Ca2+ influx. The yes-associated
protein (YAP) signaling cascade, which is regulated by Piezo1 during the differentiation
of human neural stem cells and the development of zebrafish hearts, is also upregulated
by Piezo1/MAPK signaling pathway, thereby promoting tumor cell proliferation [52].
Intriguingly, Kana et al. showed that YAP could also induce Piezo1 expression and promote
squamous cell carcinoma cell proliferation, suggesting the possibility of a positive feedback
loop between Piezo1 and the YAP signaling cascade [40].

Using bioinformatics analysis based on the Chinese Glioma Genome Atlas (CGGA)
dataset and the Cancer Genome Atlas (TCGA) network, Zhou et al. showed that Piezo1 is
positively correlated with phosphatidylinositol-3-OH kinase (PI3K) and AKT2, which play
important roles in regulating various cellular functions, such as growth, proliferation, and
protein synthesis [33]. Piezo1 promotes proliferation by activating the PI3K/AKT/mTOR
pathway. Downregulation of Piezo1 suppresses Ca2+ influx, leading to the decrease of
PI3K expression as well as AKT and mTOR phosphorylation [53]. This, in turn, reduces
the activities of cyclin-dependent kinase 4 (CDK4) and Cyclin D1, and ultimately induces
G0/G1 cell cycle arrest [43]. However, in HCC, Piezo1 did not affect the expression of
AKT and phosphorylated AKT; instead, it promoted tumor progression by recruiting
the ras-related protein Rab-5C (Rab5c) while activating TGF-β signaling, thus showing
the possibility of different downstream target genes of Piezo1 in different cell types [37].
Together, these studies indicate that Piezo1 plays an important role in regulating the ac-
tivation of proliferative signals that lead to excessive tumor cell proliferation (Table 2).
However, as mechanistic studies are currently limited, further studies are needed to eluci-
date the molecular mechanisms underlying the effect of Piezo1 in promoting tumor cells
proliferation potential.

3.2. Evading Growth Suppressors

Retinoblastoma protein (Rb) is a tumor suppressor that represses the transcription
of genes required for the transition from the G1 to S phase, such as Cyclin D, Cyclin E,
and CDK2 [72]. Rb binds directly to the transactivation domain of E2F transcription factor
1 (E2F1), forming a complex that could, in turn, regulate the promoter activity of those
genes [73]. Rb phosphorylation by Cyclin D1, CDK4, and CDK6 in the G1 phase releases
its binding with E2F1, promoting the transcription of Cyclin A, CDK1, and CDK2, which
are necessary for the S phase. Consequently, this negative regulation accelerates cell cycle
progression [74].

Increased Rb phosphorylation has been found in various tumors, including cervical
cancer, gastric cancer, and colorectal carcinoma, leading to a decrease in its inhibitory effect
and subsequently promoting tumorigenesis [75–78]. Piezo1 is associated with this process
and attenuates Rb tumor suppressive potential [31]. Piezo1 promotes Rb phosphorylation,
resulting in the decrease of the expression of p21, a key regulator of cell cycle progression
that inhibits various CDKs. This subsequently accelerates the cell cycle and tumorigene-
sis [31]. Furthermore, Piezo1 also could interact with p53, a well-known tumor suppressor
which transcriptionally regulates the expression of p21 as well as B-cell lymphoma-2 (Bcl-2)-
associated X (Bax) [30,79,80]. The p53 mutation could be found in more than 50% of tumor
patients, and in patients with wild-type p53, its aberrant regulation is frequently found.
Hence, increasing p53 protein accumulation has attracted attention as a potential antitumor
therapeutic strategy. Given that Piezo1 suppression could increase p53 transcription level
and reduce tumor growth [30], targeting Piezo1 might also become a potential antitumor
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therapeutic strategy. Collectively, these data suggest that Piezo1 suppresses the expression
of growth inhibition factors and growth inhibitory signals in tumor cells (Table 2).

3.3. Apoptosis Resistance

Apoptosis is an autonomous programed cell death controlled by a series of genes,
which involves a cascade of the activation of related factors, such as p53, Bcl-2 family, and
caspase family [81]. Apoptosis is an important self-protection mechanism crucial for main-
taining the integrity of the genomic information being passed to daughter cells, as it pre-
vents cells with gene mutations and/or abnormal gene expression from proliferating [82].
The role of Piezo1 in regulating apoptosis remains intriguing. In some diseases, such as
acute respiratory distress syndrome, hair shaft miniaturization, and osteoarthritis, Piezo1
exhibits a pro-apoptotic effect and contributes to the development of symptoms [83–85].
However, the effects and mechanisms of Piezo1 on tumor cell apoptosis are intricate.

Evading apoptosis, even in the presence of DNA damage and genomic instability, is
an important hallmark of cancer [86,87]. Impaired p53 pathway is one of the most common
mechanisms for inhibiting apoptosis in tumors. Inactivation or loss of p53 promotes the
transcription of apoptotic factors such as Bax and/or suppresses that of antiapoptotic
factors, such as Bcl-2, thus blocking apoptosis [88]. Piezo1 has been reported to inhibit
tumor cell apoptosis and contribute to survival by promoting MAPK-mediated YAP phos-
phorylation and activating the YAP signaling pathway, suppressing caspase-3-dependent
apoptosis in HCC cells [52]. Gao et al. showed, using human esophageal cancer cell lines
and a mouse xenograft model, that Piezo1 evades apoptosis through the p53/Bax pathway,
which increases the levels of both caspase-3 and cleaved-caspase-3 [30]. However, different
results have been reported in other cancers. Jiang et al. found that the expression levels
of Bax, Bcl-2-associated agonist of cell death, caspase-3, and caspase-9, are significantly
increased after Piezo1 is activated by tensile force, indicating that Piezo1 contributes to
apoptosis in osteosarcoma cells [41]. Similar results were obtained by ultrasonic-activated
Piezo1 in pancreatic cancer cells and inducing Piezo1 expression using Yoda1 in colon
cancer, which elevated mitochondrial membrane potential and induced cell death [29,42].
Therefore, Piezo1 showed paradoxical roles in apoptosis regulation in different tumors and
should be further studied.

3.4. Sustained Angiogenesis

Solid tumor cells grow in a severe microenvironment with hypoxia, high matrix stiff-
ness, and a lack of nutrients [89]. To overcome the limitations of such a harsh environment
on cell growth, tumor tissue constantly generates dense blood vessels [90]. Hypoxia-
inducible factor 1 alpha (HIF-1α) is a transcription factor that acts as a master regulator
in regulating hypoxic response [91]. Under normoxia, HIF-1α protein is hydroxylated
using oxygen as the substrate, leading to its ubiquitination/proteasomal degradation and a
remarkably short half-life [92–94]. Upon exposure to hypoxia, HIF-1α is stabilized due to
the lack of oxygen as the substrate for its hydroxylation, resulting in the accumulation of
its protein, which in turn regulates the transcription of more than 160 target genes, most
of them related to angiogenesis, cell survival, cell proliferation, and cell migration [95,96].
HIF-1α binds to the promoters of several angiogenic factors, including vascular endothelial
growth factor (VEGF), platelet-derived growth factor-B (PDGF-B), fibroblast growth factor 2
(FGF2), stromal cell-derived factor-1 (SDF-1), and hepatic growth factor (HGF), and triggers
their transcription [97–101]. Among them, VEGF initiates angiogenesis by promoting the
formation of tube-like structures [102]. VEGF-A promotes endothelial cell permeability, as
well as their proliferation and migration potentials, promoting the degradation of collagen,
vascular basement membrane, and extracellular matrix (ECM) degradation by enhancing
matrix metalloproteinases (MMPs) expression [103].

Piezo1 can induce tumor angiogenesis by sensing mechanical forces and transmitting
downstream signals. Recent studies have shown that Piezo1 can induce tumor angiogenesis
in an HIF-1α-dependent manner. Piezo1, HIF-1α, and VEGF are highly expressed in
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tumor tissues [30]. Piezo1 promotes HIF-1α expression at its transcriptional level through
Ca2+ influx, as HIF-1α is a Ca2+-sensitive factor [104]. Furthermore, it can regulate HIF-
1α at post-translational level by directly binding to HIF-1α, thereby suppressing HIF-1α
hydroxylation and, subsequently, its ubiquitination/proteasomal degradation. This, in turn,
stabilizes HIF-1α protein, activates the transcription of VEGF, and ultimately accelerates
tumor angiogenesis and progression [54]. Additionally, Piezo1 could facilitate sprouting
angiogenesis by functioning as an important mechanical force transducer. Vascular wall
shear stress triggers Piezo1-mediated Ca2+ influx, promoting the expression levels of MMP2
and MMP1, which in turn promote sprouting angiogenesis [105]. Taken together, Piezo1
can respond to various mechanical forces to facilitate tumor angiogenesis by activating the
HIF-1α pathway and promoting MMPs expression (Table 2).

3.5. Metastasis

Local invasion and distant metastasis are characteristics of malignant transformation.
The complex process, in which tumor cells are subjected to various mechanical courses, such
as compressive force, shear stress, and portal vein pressure, requires tumor cells to acquire a
migration–invasion phenotype. This phenotype enables tumor cells to invade the basement
membrane and propagate through the blood or lymph vessels [106]. Indeed, studies have
shown that Piezo1 is generally upregulated in tumors and is closely linked with a poor
prognosis, metastasis, and low survival rate in patients (Table 1) [34,107]. Inhibiting Piezo1
blocked the mechanically sensitive ion channel and resulted in the decrease of the migration
potential of breast cancer cells, underscoring a possible role of Piezo1 in invasion and metas-
tasis [24]. Furthermore, Piezo1 promotes colorectal carcinoma metastasis by increasing
mitochondrial calcium uniporter (MCU) transcription that elevates mitochondrial mem-
brane potential, activating the HIF-1α/VEGF pathway [29]. Piezo1 also promotes tumor
cells’ invasiveness through a reciprocal regulation with matrix stiffness. Piezo1 localizes at
the focal adhesions and activates integrin-focal adhesion kinase (FAK) signaling, leading
to an increase in matrix stiffness; meanwhile, an enhanced mechanical microenvironment
increases Piezo1 expression, thereby promoting glioma invasiveness [35].

Epithelial-mesenchymal transition (EMT) is a critical step in initiating the metastasis
of transformed cells, in which epithelial cells lose their epithelial phenotypes, such as
cell polarity and basement membrane detachment, while acquiring the characteristics of
mesenchymal cells, including high migration and invasion, anti-apoptosis, and ECM degra-
dation potentials. Recent studies showed that Piezo1 suppresses E-cadherin expression
while promoting those of snail, E-cadherin, N-cadherin, and vimentin, which are typical
markers of EMT, suggesting the role of Piezo1 in regulating EMT [27,37]. Hippo pathway
is an evolutionarily conserved transduction pathway that controls organ size, and its dereg-
ulation promotes tumorigenesis [108,109]. Hippo pathway comprises upstream kinases,
including mammalian Ste20-like serine/threonine kinases 1/2 (MST1/2), large tumor
suppressor 1/2 (LATS1/2), and transcriptional co-activator YAP. Veglia et al. found that
Piezo1 induces EMT in cholangiocarcinoma by reducing LATS1 phosphorylation, thereby
inhibiting Hippo/YAP pathway and, subsequently, promotes YAP transcription [28].

Furthermore, tumor cells secrete ECM remodeling enzymes, such as membrane type
1 MMP (MT1-MMP), MMP-1, and MMP-2. These enzymes promote the degradation of
various proteins that compose ECM; thereby disrupting histological barrier for tumor cell
invasion [110]. Using the CGGA dataset and TCGA database, Zhou et al. performed
transcriptomic analysis and revealed that Piezo1 expression in clinical glioma samples was
positively correlated with genes involved in tumor angiogenesis, ECM organization, and
metastasis [33]. Piezo1 could increase the activities of MMPs, including MMP-1, MMP2,
MMP-3, MMP9, and membrane-bound MT1-MMP [25]. Meanwhile, extrusion pressure
enhances the aggressiveness of breast cancer cells by increasing Ca2+ influx mediated by
Piezo1 and activating downstream Src signaling transduction. This leads to increased
MMPs expression and, subsequently, ECM degradation [56]. Piezo1 can also be coupled
with calpain to cleave adhesion proteins and cytoskeletal matrix [52,111]. Furthermore,
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Piezo1 can also physically interact with trefoil factor 1 (TFF1) through its C-terminal to
regulate integrin expression, which is crucial for regulating MMP2 and MMP9 activities [55].
Collectively, these results indicate that Piezo1 plays an important role in opening the initial
invasion barrier of tumor cells that increases tissue invasion and metastasis.

Tumor cells migrate forward in the ECM by changing their morphology [112]. Piezo1
mediates the assembly of focal adhesion structures and cytoskeleton, which elevate cell
contractile force and thus enhance the mobility of tumor cells [56,111]. In addition, it guides
the formation of invadopodia to increase the invasive potential of tumor cells [113]. Ras
homolog family member (Rho) GTPase family is one of the members of the ras superfam-
ily [114]. Its family members, including ras-related C3 botulinum toxin substrate 1 (Rac1),
ras homolog family member A (RhoA), and cell division cycle 42 (Cdc42), are engaged in
the regulation of the morphology, cell-matrix adhesion, and cytoskeletal reorganization
of tumor cells [115]. Zhang et al. found that Piezo1 inhibits the cumulative activation
pattern of GTP-Rac1 and activates RhoA, leading to the well-organization of stress fibers
F-actin [31].

However, the implications of Piezo1 in lung cancer contradict the other reported
tumors, such as colon cancer, gastric cancer, and hepatocellular carcinoma [52]. Huang
et al. showed that the Piezo1 deletion variants in non-small cell lung cancer (NSCLC) lead
to down-regulation of its expression, and, furthermore, the low level of Piezo1 is associated
with poor prognosis in NSCLC patients [39]. Moreover, Piezo1 reduction promotes NSCLC
cell migration in A549 cells and facilitates tumor growth in nude mice [38,39]. McHugh et al.
indicated that the reduced Piezo1 in small cell lung cancer (SCLC) decreases calpain activity,
thereby blocking the integrin-dependent cell migration. However, Piezo1 reduction also
rearranges the cytoskeletal morphology into a ring like structure and increases the level
of Tensin4, which is an amoeboid migration marker, suggesting that the downregulation
of Piezo1 in SCLC promotes metastasis by increasing amoeboid migration [38]. However,
whether Piezo1 reduction in other cancers causes amoeboid migration remains unknown,
and the paradoxical functions of Piezo1 in lung cancer and other cancers remain to be
further investigated. Taken together, while there are some conflicting results, the majority
of studies have demonstrated that Piezo1 is beneficial for triggering tumor cell invasion
and metastasis potentials by regulating their morphologies, promoting EMT, and clearing
the invasion barrier (Table 2). Additional studies are needed to reveal the distinct role of
Piezo1 in regulating these characteristics in different types of tumors.

3.6. Immune Evasion

In recent years, the regulatory functions of mechanical forces on immunity and inflam-
mation have received increasing attention [116]. Despite the fact that the exact mechanism
of mechanical force regulation on the immune system remains unclear, the role of Piezo1
in immune cells has been widely reported [117]. Piezo1 can modulate macrophage po-
larization, resulting in an increase in inflammation, which subsequently leads to delayed
wound healing [118]. Furthermore, the mechanotransduction of Piezo1 is also crucial for
the proinflammatory response of lung monocytes when exposed to cyclical pressure [119].

Tumors usually present in a state of immunosuppression and chronic inflammation,
which are also essential hallmarks of cancer. Solid tumors contain many immune cells
that recognize and destroy new tumor cells during cancer immunosurveillance [120,121].
However, these immune cells are regulated by tumor microenvironment, which could
switch the immune response from the tumor-destructive mode to the tumor-promoting
mode by secreting immunoregulation factor depending on its composition [122]. In a
pan-cancer analysis, Piezo1 is remarkably associated with innate and adaptive immune
responses, inflammation, as well as the infiltration of inflammatory cells, including lympho-
cytes, leukocytes, and neutrophils, suggesting that Piezo1 plays an important role in tumor
immunity [123]. Myeloid-derived suppressor cells (MDSCs), which are pathologically
activated neutrophils and monocytes, have strong immunosuppressive activity, and are
considered closely related to tumor immune escape [124]. A recent study showed that
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Piezo1 increases MDSCs infiltration; furthermore, it inhibits intratumoral CD4+ memory T
cells and CD8+ T cells accumulation, thereby promoting tumor progression [57]. Piezo1
could also upregulate the expression of histone deacetylase 2 (HDAC2), which suppresses
Rb1 via epigenetic silencing, thereby expanding MDSCs and conferring a tumor immuno-
suppressive microenvironment (Table 2) [57]. Clinical breast cancer samples with Piezo1
high expression had fewer immunogenic characteristics, including the reduction of the
activated CD4+ memory T cells and CD8+ T cells, which was associated with poor prognosis
in breast cancer patients [27]. These studies revealed that Piezo1 induces inflammatory
infiltration by increasing immunosuppressive cells and decreasing antitumor immune cells,
thereby promoting the development of tumors. However, the evidence of Piezo1 in tumor
immunization is still limited; thus, future studies are needed to explore the effects and
mechanisms of Peizo1 on tumor immunity.

4. Conclusions and Perspective

As a critical component of mechanical conduction, Piezo1 has been reported to control
physiological and pathological processes, such as innate immunity, bone formation, and
various cancers [119]. Piezo1 transduces mechanical damage signals that drive tumorigene-
sis. In turn, constantly changing mechanical forces during tumor progression can further
affect the outcome of the disease by altering Piezo1 expression. Piezo1 is highly expressed
in most tumors and positively correlated with a poor prognosis (Table 1). Importantly,
Piezo1 is closely related to cancer hallmarks [44]. Together, Piezo1 is a potential biomarker
and predictor for tumors; furthermore, it is a potential antitumor therapeutic target.

However, the lack of specific inhibitors renders the clinical application of targeting
Piezo1 [125]. While ruthenium red, amyloid β, GsMTx4, and margaric acid, as well as
various polyunsaturated fatty acids, including eicosapentaenoic acid, docosahexaenoic
acid, and arachidonic acid, have been identified recently as Piezo1 channel antagonists,
they do not directly inhibit Piezo1 expression and/or activity; thus, their inhibitory effects
are not specific [125,126]. For example, eicosapentaenoic acid decreases plasma membrane
rigidity and bending stiffness that reduce the inactivation time constant of Piezo1, thereby
damaging Piezo1 function [126]. Meanwhile, ruthenium red not only inhibits Piezo1, but
also could inhibit a series of transient receptor potential vanilloid (TRPV), causing serious
toxicity [63]. Furthermore, the molecular mechanisms of these inhibitors have not been
fully elucidated [125]. Thus, while targeting Piezo1 is a potential antitumor therapeutic
strategy, efforts are needed to further elucidate the detail molecular mechanisms regarding
Piezo1 regulation and its regulation on downstream targets, as well as to develop specific,
direct Piezo1 antagonists. Meanwhile, since the Piezo1-mediated Ca2+ signals in tumor
cells extensively affect its downstream pathways, developing new drugs targeting its major
downstream pathways is also a potential alternative approach. Moreover, Yoda1 and Jedi2,
which are highly specific activators of Piezo1, can induce Piezo1 overexpression that causes
the downstream factors alteration, thereby contributing to the study of its downstream
signaling pathways [125,127,128].

Together, Piezo1 not only links up the physical changes surrounding the biological be-
haviors of tumor cells, but also has potential as a biomarker and antitumor therapeutic target.
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MMPs: matrix metalloproteinases; MST1/2: threonine kinases 1/2; MT1-MMP: membrane type 1
MMP; mTOR: mechanistic target of rapamycin; NSCLC: non-small cell lung carcinoma; OH: outer
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phosphatidylinositol-3-OH kinase; Piezo1: piezo-type mechanosensitive ion channel component 1;
Rab5c: ras-related protein Rab-5C; Rac1: ras-related C3 botulinum toxin substrate 1; Rb: retinoblas-
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endothelial growth factor; YAP: yes-associated protein.

References
1. Sniadecki, N.J.; Anguelouch, A.; Yang, M.T.; Lamb, C.M.; Liu, Z.; Kirschner, S.B.; Liu, Y.; Reich, D.H.; Chen, C.S. Magnetic

microposts as an approach to apply forces to living cells. Proc. Natl. Acad. Sci. USA 2007, 104, 14553–14558. [CrossRef] [PubMed]
2. LeGoff, L.; Lecuit, T. Mechanical forces and growth in animal tissues. Cold Spring Harb. Perspect. Biol. 2016, 8, a019232. [CrossRef]

[PubMed]
3. Gayer, C.P.; Basson, M.D. The effects of mechanical forces on intestinal physiology and pathology. Cell. Signal. 2009, 21, 1237–1244.

[CrossRef] [PubMed]
4. Gordon, E.; Schimmel, L.; Frye, M. The Importance of Mechanical Forces for in vitro Endothelial Cell Biology. Front. Physiol. 2020,

11, 684. [CrossRef] [PubMed]
5. Mascharak, S.; desJardins-Park, H.E.; Davitt, M.F.; Guardino, N.J.; Gurtner, G.C.; Wan, D.C.; Longaker, M.T. Modulating Cellular

Responses to Mechanical Forces to Promote Wound Regeneration. Adv. Wound Care 2021, 11, 479–495. [CrossRef] [PubMed]
6. JavierTorrent, M.; ZimmerBensch, G.; Nguyen, L. Mechanical Forces Orchestrate Brain Development. Trends Neurosci. 2021, 44,

110–121. [CrossRef] [PubMed]
7. Perestrelo, T.; Correia, M.; Ramalho-Santos, J.; Wirtz, D. Metabolic and Mechanical Cues Regulating Pluripotent Stem Cell Fate.

Trends Cell Biol. 2018, 28, 1014–1029. [CrossRef] [PubMed]
8. Fang, X.; Zhou, T.; Xu, J.; Wang, Y.; Sun, M.; He, Y.; Pan, S.; Xiong, W.; Peng, Z.; Gao, X.; et al. Structure, kinetic properties and

biological function of mechanosensitive Piezo channels. Cell Biosci. 2021, 11, 13. [CrossRef]
9. Coste, B.; Mathur, J.; Schmidt, M.; Earley, T.J.; Ranade, S.; Petrus, M.J.; Dubin, A.E.; Patapoutian, A. Piezo1 and Piezo2 are essential

components of distinct mechanically activated cation channels. Science 2010, 330, 55–60. [CrossRef] [PubMed]
10. Kim, S.E.; Coste, B.; Chadha, A.; Cook, B.; Patapoutian, A. The role of Drosophila Piezo in mechanical nociception. Nature 2012,

483, 209–212. [CrossRef]
11. Murthy, S.; Dubin, A.; Patapoutian, A. Piezos thrive under pressure: Mechanically activated ion channels in health and disease.

Nat. Rev. Mol. Cell Biol. 2017, 18, 771–783. [CrossRef] [PubMed]
12. Logan, D.W. Hot to touch: The story of the 2021 Nobel Prize in Physiology or Medicine. Dis. Model. Mech. 2021, 14, dmm049352.

[CrossRef] [PubMed]
13. Khairallah, R.J.; Shi, G.; Sbrana, F.; Prosser, B.L.; Borroto, C.; Mazaitis, M.J.; Hoffman, E.P.; Mahurkar, A.; Sachs, F.; Sun, Y.

Microtubules underlie dysfunction in duchenne muscular dystrophy. Sci. Signal. 2012, 5, ra56. [CrossRef] [PubMed]
14. Qin, L.; He, T.; Chen, S.; Yang, D.; Yi, W.; Cao, H.; Xiao, G. Roles of mechanosensitive channel Piezo1/2 proteins in skeleton and

other tissues. Bone Res. 2021, 9, 44. [CrossRef] [PubMed]
15. Filser, M.; Giansily-Blaizot, M.; Grenier, M.; Monedero Alonso, D.; Bouyer, G.; Pérès, L.; Egée, S.; Aral, B.; Airaud, F.;

Da Costa, L.; et al. Increased incidence of germline PIEZO1 mutations in individuals with idiopathic erythrocytosis. Blood
2021, 137, 1828–1832. [CrossRef]

16. Zhao, X.; Kong, Y.; Liang, B.; Xu, J.; Lin, Y.; Zhou, N.; Li, J.; Jiang, B.; Cheng, J.; Li, C.; et al. Mechanosensitive Piezo1 channels
mediate renal fibrosis. JCI Insight 2022, 7, e152330. [CrossRef]

17. Sun, W.; Shaopeng, C.; Li, Y.; Ling, S.; Tan, Y.; Xu, Y.; Jiang, F.; Li, J.; Liu, C.; Zhong, G.; et al. The mechanosensitive Piezo1 channel
is required for bone formation. eLife 2019, 8, e47454. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0611613104
http://www.ncbi.nlm.nih.gov/pubmed/17804810
http://doi.org/10.1101/cshperspect.a019232
http://www.ncbi.nlm.nih.gov/pubmed/26261279
http://doi.org/10.1016/j.cellsig.2009.02.011
http://www.ncbi.nlm.nih.gov/pubmed/19249356
http://doi.org/10.3389/fphys.2020.00684
http://www.ncbi.nlm.nih.gov/pubmed/32625119
http://doi.org/10.1089/wound.2021.0040
http://www.ncbi.nlm.nih.gov/pubmed/34465219
http://doi.org/10.1016/j.tins.2020.10.012
http://www.ncbi.nlm.nih.gov/pubmed/33203515
http://doi.org/10.1016/j.tcb.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30361056
http://doi.org/10.1186/s13578-020-00522-z
http://doi.org/10.1126/science.1193270
http://www.ncbi.nlm.nih.gov/pubmed/20813920
http://doi.org/10.1038/nature10801
http://doi.org/10.1038/nrm.2017.92
http://www.ncbi.nlm.nih.gov/pubmed/28974772
http://doi.org/10.1242/dmm.049352
http://www.ncbi.nlm.nih.gov/pubmed/34704598
http://doi.org/10.1126/scisignal.2002829
http://www.ncbi.nlm.nih.gov/pubmed/22871609
http://doi.org/10.1038/s41413-021-00168-8
http://www.ncbi.nlm.nih.gov/pubmed/34667178
http://doi.org/10.1182/blood.2020008424
http://doi.org/10.1172/jci.insight.152330
http://doi.org/10.7554/eLife.47454
http://www.ncbi.nlm.nih.gov/pubmed/31290742


Cancers 2022, 14, 4955 12 of 16

18. Gudipaty, S.A.; Lindblom, J.; Loftus, P.D.; Redd, M.J.; Edes, K.; Davey, C.F.; Krishnegowda, V.; Rosenblatt, J. Mechanical stretch
triggers rapid epithelial cell division through Piezo1. Nature 2017, 543, 118–121. [CrossRef]

19. Yarishkin, O.; Phuong, T.T.T.; Baumann, J.M.; De Ieso, M.L.; Vazquez-Chona, F.; Rudzitis, C.N.; Sundberg, C.; Lakk, M.; Stamer,
W.D.; Križaj, D. Piezo1 channels mediate trabecular meshwork mechanotransduction and promote aqueous fluid outflow. J.
Physiol. 2021, 599, 571–592. [CrossRef]

20. Wang, B.; Ke, W.; Wang, K.; Li, G.; Ma, L.; Lu, S.; Xiang, Q.; Liao, Z.; Luo, R.; Song, Y.; et al. Mechanosensitive Ion Channel
Piezo1 Activated by Matrix Stiffness Regulates Oxidative Stress-Induced Senescence and Apoptosis in Human Intervertebral
Disc Degeneration. Oxid. Med. Cell. Longev. 2021, 2021, 8884922. [CrossRef]

21. Zhang, Y.; Su, S.; Li, W.; Ma, Y.; Shen, J.; Wang, Y.; Shen, Y.; Chen, J.; Ji, Y.; Xie, Y. Piezo1-Mediated Mechanotransduction Promotes
Cardiac Hypertrophy by Impairing Calcium Homeostasis to Activate Calpain/Calcineurin Signaling. Hypertension 2021, 78,
647–660. [CrossRef] [PubMed]

22. Köster, P.; DeFalco, T.A.; Zipfel, C. Ca2+ signals in plant immunity. EMBO J. 2022, 41, e110741. [CrossRef] [PubMed]
23. Shinge, S.A.U.; Zhang, D.; Din, A.U.; Yu, F.; Nie, Y. Emerging Piezo1 signaling in inflammation and atherosclerosis; a potential

therapeutic target. Int. J. Biol. Sci. 2022, 18, 923–941. [CrossRef] [PubMed]
24. Li, C.; Rezania, S.; Kammerer, S.; Sokolowski, A.; Devaney, T.; Gorischek, A.; Jahn, S.; Hackl, H.; Groschner, K.; Windpassinger, C.;

et al. Piezo1 forms mechanosensitive ion channels in the human MCF-7 breast cancer cell line. Sci. Rep. 2015, 5, 8364. [CrossRef]
25. Yu, Y.; Wu, X.A.; Liu, S.; Zhao, H.; Li, B.; Zhao, H.; Feng, X. Piezo1 regulates migration and invasion of breast cancer cells via

modulating cell mechanobiological properties. Acta Biochim. Et Biophys. Sin. 2021, 53, 10–18. [CrossRef] [PubMed]
26. Chen, X.; Chen, J. miR-10b-5p-mediated upregulation of PIEZO1 predicts poor prognosis and links to purine metabolism in

breast cancer. Genomics 2022, 114, 110351. [CrossRef] [PubMed]
27. Katsuta, E.; Takabe, K.; Opyrchal, M. Piezo1 is associated with worse prognosis along with promoted epithelial-mesenchymal

transition and hypoxia as well as less anti-cancer immune cells in hormone receptor (HR)-negative breast cancer. Cancer Res.
2022, 82, 7–23. [CrossRef]

28. Zhu, B.; Qian, W.; Han, C.; Bai, T.; Hou, X. Piezo 1 activation facilitates cholangiocarcinoma metastasis via Hippo/YAP signaling
axis. Mol. Ther.-Nucl. Acids 2021, 24, 241–252. [CrossRef]

29. Sun, Y.; Li, M.; Liu, G.; Zhang, X.; Zhi, L.; Zhao, J.; Wang, G. The function of Piezo1 in colon cancer metastasis and its potential
regulatory mechanism. J. Cancer Res. Clin. Oncol. 2020, 146, 1139–1152. [CrossRef] [PubMed]

30. Gao, L.; Ji, Y.; Wang, L.; He, M.; Yang, X.; Qiu, Y.; Sun, X.; Ji, Z.; Yang, G.; Zhang, J.; et al. Suppression of Esophageal Squamous
Cell Carcinoma Development by Mechanosensitive Protein Piezo1 Downregulation. ACS Omega 2021, 6, 10196–10206. [CrossRef]
[PubMed]

31. Zhang, J.; Zhou, Y.; Huang, T.; Wu, F.; Liu, L.; Kwan, J.S.H.; Cheng, A.S.L.; Yu, J.; To, K.F.; Kang, W. PIEZO1 functions as a
potential oncogene by promoting cell proliferation and migration in gastric carcinogenesis. Mol. Carcinog. 2018, 57, 1144–1155.
[CrossRef] [PubMed]

32. Gupta, J.; del Barco Barrantes, I.; Igea, A.; Sakellariou, S.; Pateras, I.; Gorgoulis, V.; Nebreda, A. Dual Function of p38α MAPK in
Colon Cancer: Suppression of Colitis-Associated Tumor Initiation but Requirement for Cancer Cell Survival. Cancer Cell 2014, 25,
484–500. [CrossRef] [PubMed]

33. Zhou, W.; Liu, X.; van Wijnbergen, J.W.M.; Yuan, L.; Liu, Y.; Zhang, C.; Jia, W. Identification of PIEZO1 as a potential prognostic
marker in gliomas. Sci. Rep. 2020, 10, 16121. [CrossRef] [PubMed]

34. Qu, S.; Li, S.; Hu, Z. Upregulation of Piezo1 Is a Novel Prognostic Indicator in Glioma Patients. Cancer Manag. Res. 2020, 12,
3527–3536. [CrossRef] [PubMed]

35. Chen, X.; Wanggou, S.; Bodalia, A.; Zhu, M.; Dong, W.; Fan, J.J.; Yin, W.C.; Min, H.; Hu, M.; Draghici, D.; et al. A Feedforward
Mechanism Mediated by Mechanosensitive Ion Channel PIEZO1 and Tissue Mechanics Promotes Glioma Aggression. Neuron
2018, 100, 799–815. [CrossRef] [PubMed]

36. Qu, S.; Hu, T.; Qiu, O.; Su, Y.; Gu, J.; Xia, Z. Effect of Piezo1 Overexpression on Peritumoral Brain Edema in Glioblastomas. Am. J.
Neuroradiol. 2020, 41, 1423. [CrossRef] [PubMed]

37. Li, Y.; Xu, C.; Sun, B.; Zhong, F.; Cao, M.; Yang, L. Piezo1 promoted hepatocellular carcinoma progression and EMT through
activating TGF-β signaling by recruiting Rab5c. Cancer Cell Int. 2022, 22, 162. [CrossRef]

38. McHugh, B.J.; Murdoch, A.; Haslett, C.; Sethi, T. Loss of the integrin-activating transmembrane protein Fam38A (Piezo1) promotes
a switch to a reduced integrin-dependent mode of cell migration. PLoS ONE 2012, 7, e40346. [CrossRef] [PubMed]

39. Huang, Z.; Sun, Z.; Zhang, X.; Niu, K.; Wang, Y.; Zheng, J.; Li, H.; Liu, Y. Loss of stretch-activated channels, PIEZOs, accelerates
non-small cell lung cancer progression and cell migration. Biosci. Rep. 2019, 39, BSR20181679. [CrossRef]

40. Hasegawa, K.; Fujii, S.; Matsumoto, S.; Tajiri, Y.; Kikuchi, A.; Kiyoshima, T. YAP signaling induces PIEZO1 to promote oral
squamous cell carcinoma cell proliferation. J. Pathol. 2021, 253, 80–93. [CrossRef]

41. Jiang, L.; Zhao, Y.; Chen, W. The Function of the Novel Mechanical Activated Ion Channel Piezo1 in the Human Osteosarcoma
Cells. Med. Sci. Monit. 2017, 23, 5070–5082. [CrossRef] [PubMed]

42. Song, Y.; Chen, J.; Zhang, C.; Xin, L.; Li, Q.; Liu, Y.; Zhang, C.; Li, S.; Huang, P. Mechanosensitive channel Piezo1 induces cell
apoptosis in pancreatic cancer by ultrasound with microbubbles. iScience 2022, 25, 103733. [CrossRef] [PubMed]

http://doi.org/10.1038/nature21407
http://doi.org/10.1113/JP281011
http://doi.org/10.1155/2021/8884922
http://doi.org/10.1161/HYPERTENSIONAHA.121.17177
http://www.ncbi.nlm.nih.gov/pubmed/34333987
http://doi.org/10.15252/embj.2022110741
http://www.ncbi.nlm.nih.gov/pubmed/35560235
http://doi.org/10.7150/ijbs.63819
http://www.ncbi.nlm.nih.gov/pubmed/35173527
http://doi.org/10.1038/srep08364
http://doi.org/10.1093/abbs/gmaa112
http://www.ncbi.nlm.nih.gov/pubmed/33210711
http://doi.org/10.1016/j.ygeno.2022.110351
http://www.ncbi.nlm.nih.gov/pubmed/35351580
http://doi.org/10.1158/1538-7445.SABCS21-P4-07-23
http://doi.org/10.1016/j.omtn.2021.02.026
http://doi.org/10.1007/s00432-020-03179-w
http://www.ncbi.nlm.nih.gov/pubmed/32152662
http://doi.org/10.1021/acsomega.1c00505
http://www.ncbi.nlm.nih.gov/pubmed/34056174
http://doi.org/10.1002/mc.22831
http://www.ncbi.nlm.nih.gov/pubmed/29683214
http://doi.org/10.1016/j.ccr.2014.02.019
http://www.ncbi.nlm.nih.gov/pubmed/24684847
http://doi.org/10.1038/s41598-020-72886-8
http://www.ncbi.nlm.nih.gov/pubmed/32999349
http://doi.org/10.2147/CMAR.S251776
http://www.ncbi.nlm.nih.gov/pubmed/32547190
http://doi.org/10.1016/j.neuron.2018.09.046
http://www.ncbi.nlm.nih.gov/pubmed/30344046
http://doi.org/10.3174/ajnr.A6638
http://www.ncbi.nlm.nih.gov/pubmed/32675337
http://doi.org/10.1186/s12935-022-02574-2
http://doi.org/10.1371/journal.pone.0040346
http://www.ncbi.nlm.nih.gov/pubmed/22792288
http://doi.org/10.1042/BSR20181679
http://doi.org/10.1002/path.5553
http://doi.org/10.12659/MSM.906959
http://www.ncbi.nlm.nih.gov/pubmed/29065102
http://doi.org/10.1016/j.isci.2022.103733
http://www.ncbi.nlm.nih.gov/pubmed/35118354


Cancers 2022, 14, 4955 13 of 16

43. Han, Y.; Liu, C.; Zhang, D.; Men, H.; Huo, L.; Geng, Q.; Wang, S.; Gao, Y.; Zhang, W.; Zhang, Y.; et al. Mechanosensitive ion
channel Piezo1 promotes prostate cancer development through the activation of the Akt/mTOR pathway and acceleration of cell
cycle. Int. J. Oncol. 2019, 55, 629–644. [CrossRef] [PubMed]

44. Dombroski, J.A.; Hope, J.M.; Sarna, N.S.; King, M.R. Channeling the Force: Piezo1 Mechanotransduction in Cancer Metastasis.
Cells 2021, 10, 2815. [CrossRef] [PubMed]

45. Qiao, L.; Hu, S.; Huang, K.; Su, T.; Li, Z.; Vandergriff, A.; Cores, J.; Dinh, P.U.; Allen, T.; Shen, D.; et al. Tumor cell-derived
exosomes home to their cells of origin and can be used as Trojan horses to deliver cancer drugs. Theranostics 2020, 10, 3474–3487.
[CrossRef] [PubMed]

46. Lüönd, F.; Tiede, S.; Christofori, G. Breast cancer as an example of tumour heterogeneity and tumour cell plasticity during
malignant progression. Br. J. Cancer 2021, 125, 164–175. [CrossRef]

47. Luo, X.; Alfason, L.; Wei, M.; Wu, S.; Kasim, V. Spliced or Unspliced, That Is the Question: The Biological Roles of XBP1 Isoforms
in Pathophysiology. Int. J. Mol. Sci. 2022, 23, 2746. [CrossRef]

48. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef]
49. Li, X.; Wang, J. Mechanical tumor microenvironment and transduction: Cytoskeleton mediates cancer cell invasion and metastasis.

Int. J. Biol. Sci. 2020, 16, 2014–2028. [CrossRef] [PubMed]
50. Chaudhuri, P.K.; Low, B.C.; Lim, C.T. Mechanobiology of Tumor Growth. Chem. Rev. 2018, 118, 6499–6515. [CrossRef]
51. Yu, J.; Liao, H. Piezo-type mechanosensitive ion channel component 1 (Piezo1) in human cancer. Biomed. Pharmacother. 2021,

140, 111692. [CrossRef] [PubMed]
52. Liu, S.; Xu, X.; Fang, Z.; Ning, Y.; Deng, B.; Pan, X.; He, Y.; Yang, Z.; Huang, K.; Li, J. Piezo1 impairs hepatocellular tumor growth

via deregulation of the MAPK-mediated YAP signaling pathway. Cell Calcium 2021, 95, 102367. [CrossRef] [PubMed]
53. Zhang, S.; Cao, S.; Gong, M.; Zhang, W.; Zhang, W.; Zhu, Z.; Wu, S.; Yue, Y.; Qian, W.; Ma, Q.; et al. Mechanically activated

ion channel Piezo1 contributes to melanoma malignant progression through AKT/mTOR signaling. Cancer Biol. Ther. 2022, 23,
336–347. [CrossRef] [PubMed]

54. Wang, X.; Cheng, G.; Miao, Y.; Qiu, F.; Bai, L.; Gao, Z.; Huang, Y.; Dong, L.; Niu, X.; Wang, X.; et al. Piezo type mechanosensitive
ion channel component 1 facilitates gastric cancer omentum metastasis. J. Cell. Mol. Med. 2021, 25, 2238–2253. [CrossRef]
[PubMed]

55. Yang, X.-N.; Lu, Y.-P.; Liu, J.-J.; Huang, J.-K.; Liu, Y.-P.; Xiao, C.-X.; Jazag, A.; Ren, J.-L.; Guleng, B. Piezo1 Is as a Novel Trefoil
Factor Family 1 Binding Protein that Promotes Gastric Cancer Cell Mobility In Vitro. Dig. Dis. Sci. 2014, 59, 1428–1435. [CrossRef]
[PubMed]

56. Luo, M.; Cai, G.; Ho, K.K.Y.; Wen, K.; Tong, Z.; Deng, L.; Liu, A.P. Compression enhances invasive phenotype and matrix
degradation of breast cancer cells via Piezo1 activation. BMC Mol. Cell Biol. 2022, 23, 1. [CrossRef] [PubMed]

57. Aykut, B.; Chen, R.; Kim Jacqueline, I.; Wu, D.; Shadaloey Sorin, A.A.; Abengozar, R.; Preiss, P.; Saxena, A.; Pushalkar, S.;
Leinwand, J.; et al. Targeting Piezo1 unleashes innate immunity against cancer and infectious disease. Sci. Immunol. 2020,
5, eabb5168. [CrossRef]

58. Ge, J.; Li, W.; Zhao, Q.; Li, N.; Chen, M.; Zhi, P.; Li, R.; Gao, N.; Xiao, B.; Yang, M. Architecture of the mammalian mechanosensitive
Piezo1 channel. Nature 2015, 527, 64–69. [CrossRef] [PubMed]

59. Wang, Y.; Chi, S.; Guo, H.; Li, G.; Wang, L.; Zhao, Q.; Rao, Y.; Zu, L.; He, W.; Xiao, B. A lever-like transduction pathway for
long-distance chemical- and mechano-gating of the mechanosensitive Piezo1 channel. Nat. Commun. 2018, 9, 1300. [CrossRef]

60. Wang, Y.; Xiao, B. The mechanosensitive Piezo1 channel: Structural features and molecular bases underlying its ion permeation
and mechanotransduction. J. Physiol. 2018, 596, 969–978. [CrossRef] [PubMed]

61. Zhao, Q.; Wu, K.; Chi, S.; Geng, J.; Xiao, B. Heterologous Expression of the Piezo1-ASIC1 Chimera Induces Mechanosensitive
Currents with Properties Distinct from Piezo1. Neuron 2017, 94, 274–277. [CrossRef] [PubMed]

62. Geng, J.; Zhao, Q.; Zhang, T.; Xiao, B. In Touch With the Mechanosensitive Piezo Channels: Structure, Ion Permeation, and
Mechanotransduction. In Current Topics in Membranes; Gottlieb, P.A., Ed.; Academic Press: Beijing, China, 2017; Volume 79, pp.
159–195.

63. Zhao, Q.; Wu, K.; Geng, J.; Chi, S.; Wang, Y.; Zhi, P.; Zhang, M.; Xiao, B. Ion Permeation and Mechanotransduction Mechanisms of
Mechanosensitive Piezo Channels. Neuron 2016, 89, 1248–1263. [CrossRef] [PubMed]

64. Jain, R.K.; Martin, J.D.; Stylianopoulos, T. The role of mechanical forces in tumor growth and therapy. Annu. Rev. Biomed. Eng.
2014, 16, 321–346. [CrossRef] [PubMed]

65. Jain, R.K. Determinants of tumor blood flow: A review. Cancer Res. 1988, 48, 2641–2658. [PubMed]
66. Liu, Q.; Luo, Q.; Ju, Y.; Song, G. Role of the mechanical microenvironment in cancer development and progression. Cancer Biol.

Med. 2020, 17, 282–292. [CrossRef] [PubMed]
67. Shinge, S.A.U.; Zhang, D.; Achu Muluh, T.; Nie, Y.; Yu, F. Mechanosensitive Piezo1 Channel Evoked-Mechanical Signals in

Atherosclerosis. J. Inflamm. Res. 2021, 14, 3621–3636. [CrossRef]
68. Condeelis, J.; Pollard, J. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis. Cell 2006, 124,

263–266. [CrossRef] [PubMed]
69. Feitelson, M.A.; Arzumanyan, A.; Kulathinal, R.J.; Blain, S.W.; Holcombe, R.F.; Mahajna, J.; Marino, M.; Martinez-Chantar, M.L.;

Nawroth, R.; Sanchez-Garcia, I.; et al. Sustained proliferation in cancer: Mechanisms and novel therapeutic targets. Semin. Cancer
Biol. 2015, 35, S25–S54. [CrossRef]

http://doi.org/10.3892/ijo.2019.4839
http://www.ncbi.nlm.nih.gov/pubmed/31322184
http://doi.org/10.3390/cells10112815
http://www.ncbi.nlm.nih.gov/pubmed/34831037
http://doi.org/10.7150/thno.39434
http://www.ncbi.nlm.nih.gov/pubmed/32206102
http://doi.org/10.1038/s41416-021-01328-7
http://doi.org/10.3390/ijms23052746
http://doi.org/10.1158/2159-8290.CD-21-1059
http://doi.org/10.7150/ijbs.44943
http://www.ncbi.nlm.nih.gov/pubmed/32549750
http://doi.org/10.1021/acs.chemrev.8b00042
http://doi.org/10.1016/j.biopha.2021.111692
http://www.ncbi.nlm.nih.gov/pubmed/34004511
http://doi.org/10.1016/j.ceca.2021.102367
http://www.ncbi.nlm.nih.gov/pubmed/33610907
http://doi.org/10.1080/15384047.2022.2060015
http://www.ncbi.nlm.nih.gov/pubmed/36112948
http://doi.org/10.1111/jcmm.16217
http://www.ncbi.nlm.nih.gov/pubmed/33439514
http://doi.org/10.1007/s10620-014-3044-3
http://www.ncbi.nlm.nih.gov/pubmed/24798994
http://doi.org/10.1186/s12860-021-00401-6
http://www.ncbi.nlm.nih.gov/pubmed/34979904
http://doi.org/10.1126/sciimmunol.abb5168
http://doi.org/10.1038/nature15247
http://www.ncbi.nlm.nih.gov/pubmed/26390154
http://doi.org/10.1038/s41467-018-03570-9
http://doi.org/10.1113/JP274404
http://www.ncbi.nlm.nih.gov/pubmed/29171028
http://doi.org/10.1016/j.neuron.2017.03.040
http://www.ncbi.nlm.nih.gov/pubmed/28426963
http://doi.org/10.1016/j.neuron.2016.01.046
http://www.ncbi.nlm.nih.gov/pubmed/26924440
http://doi.org/10.1146/annurev-bioeng-071813-105259
http://www.ncbi.nlm.nih.gov/pubmed/25014786
http://www.ncbi.nlm.nih.gov/pubmed/3282647
http://doi.org/10.20892/j.issn.2095-3941.2019.0437
http://www.ncbi.nlm.nih.gov/pubmed/32587769
http://doi.org/10.2147/JIR.S319789
http://doi.org/10.1016/j.cell.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16439202
http://doi.org/10.1016/j.semcancer.2015.02.006


Cancers 2022, 14, 4955 14 of 16

70. Najafi, M.; Farhood, B.; Mortezaee, K. Extracellular matrix (ECM) stiffness and degradation as cancer drivers. J. Cell. Biochem.
2019, 120, 2782–2790. [CrossRef] [PubMed]

71. Yue, J.; López, J.M. Understanding MAPK Signaling Pathways in Apoptosis. Int. J. Mol. Sci. 2020, 21, 2346. [CrossRef]
72. Jiang, Y.; Yam, J.C.; Chu, W.K. Poly ADP Ribose Polymerase Inhibitor Olaparib Targeting Microhomology End Joining in

Retinoblastoma Protein Defective Cancer: Analysis of the Retinoblastoma Cell-Killing Effects by Olaparib after Inducing
Double-Strand Breaks. Int. J. Mol. Sci. 2021, 22, 10687. [CrossRef] [PubMed]

73. Engeland, K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ. 2022, 29, 946–960. [CrossRef] [PubMed]
74. Kuganesan, N.; Dlamini, S.; Tillekeratne, L.M.V.; Taylor, W.R. Tumor suppressor p53 promotes ferroptosis in oxidative stress

conditions independent of modulation of ferroptosis by p21, CDKs, RB, and E2F. J. Biol. Chem. 2021, 297, 101365. [CrossRef]
[PubMed]

75. Meng, Y.; He, L.; Guo, X.; Tang, S.; Zhao, X.; Du, R.; Jin, J.; Bi, Q.; Li, H.; Nie, Y.; et al. Gankyrin promotes the proliferation of
human pancreatic cancer. Cancer Lett. 2010, 297, 9–17. [CrossRef] [PubMed]

76. Zhou, M.; Yang, Z.; Wang, D.; Chen, P.; Zhang, Y. The circular RNA circZFR phosphorylates Rb promoting cervical cancer
progression by regulating the SSBP1/CDK2/cyclin E1 complex. J. Exp. Clin. Cancer Res. 2021, 40, 48. [CrossRef] [PubMed]

77. Li, X.; Zhang, G.; Wang, Y.; Elgehama, A.; Sun, Y.; Li, L.; Gu, Y.; Guo, W.; Xu, Q. Loss of periplakin expression is associated with
the tumorigenesis of colorectal carcinoma. Biomed. Pharmacother. 2017, 87, 366–374. [CrossRef] [PubMed]

78. Zhang, J.; Zhang, J.; Fu, Z.; Zhang, Y.; Luo, Z.; Zhang, P.; Xu, Y.; Huang, C. CHREBP suppresses gastric cancer progression via the
cyclin D1-Rb-E2F1 pathway. Cell Death Discov 2022, 8, 300. [CrossRef]

79. Lei, K.; Li, W.; Huang, C.; Li, Y.; Alfason, L.; Zhao, H.; Miyagishi, M.; Wu, S.; Kasim, V. Neurogenic differentiation factor 1
promotes colorectal cancer cell proliferation and tumorigenesis by suppressing the p53/p21 axis. Cancer Sci. 2020, 111, 175–185.
[CrossRef]

80. Li, W.F.; Herkilini, A.; Tang, Y.; Huang, P.; Song, G.B.; Miyagishi, M.; Kasim, V.; Wu, S.-R. The transcription factor PBX3 promotes
tumor cell growth through transcriptional suppression of the tumor suppressor p53. Acta Pharmacol. Sin. 2021, 42, 1888–1899.
[CrossRef] [PubMed]

81. Lin, W.; Xie, J.; Xu, N.; Huang, L.; Xu, A.; Li, H.; Li, C.; Gao, Y.; Watanabe, M.; Liu, C.; et al. Glaucocalyxin A induces G2/M
cell cycle arrest and apoptosis through the PI3K/Akt pathway in human bladder cancer cells. Int. J. Biol. Sci. 2018, 14, 418–426.
[CrossRef] [PubMed]

82. Gu, Y.; Li, G.; Huang, C.; Liu, P.; Hu, G.; Wu, C.; Xu, Z.; Guo, X.; Liu, P. Dichlorvos poisoning caused chicken cerebrum tissue
damage and related apoptosis-related gene changes. Sci. Total Environ. 2021, 783, 147051. [CrossRef]

83. Liang, G.; Xu, J.; Cao, L.; Zeng, Y.; Chen, B.; Yang, J.; Zhang, Z.; Kang, Y. Piezo1 induced apoptosis of type II pneumocytes during
ARDS. Respir. Res. 2019, 20, 118. [CrossRef] [PubMed]

84. Xie, Y.; Chen, D.; Jiang, K.; Song, L.; Qian, N.; Du, Y.; Yang, Y.; Wang, F.; Chen, T. Hair shaft miniaturization causes stem cell
depletion through mechanosensory signals mediated by a Piezo1-calcium-TNF-α axis. Cell Stem Cell 2022, 29, 70–85. [CrossRef]
[PubMed]

85. Li, X.; Zhang, Z.; Chen, Z.; Cui, Z.; Zhang, H. Piezo1 protein induces the apoptosis of human osteoarthritis-derived chondrocytes
by activating caspase-12, the signaling marker of ER stress. Int. J. Mol. Med. 2017, 40, 845–853. [CrossRef] [PubMed]

86. Fernald, K.; Kurokawa, M. Evading apoptosis in cancer. Trends Cell Biol. 2013, 23, 620–633. [CrossRef]
87. Weinberg, R.; Hanahan, D. The hallmarks of cancer. Cell 2000, 100, 57–70.
88. O’Brien, M.A.; Kirby, R. Apoptosis: A review of pro-apoptotic and anti-apoptotic pathways and dysregulation in disease. J. Vet.

Emerg. Crit. Car. 2008, 18, 572–585. [CrossRef]
89. Meliala, I.T.S.; Hosea, R.; Kasim, V.; Wu, S. The biological implications of Yin Yang 1 in the hallmarks of cancer. Theranostics 2020,

10, 4183–4200. [CrossRef] [PubMed]
90. Qiu, J.; Lin, X.; Tang, X.; Zheng, T.; Lin, Y.; Hua, K. Exosomal Metastasis-Associated Lung Adenocarcinoma Transcript 1 Promotes

Angiogenesis and Predicts Poor Prognosis in Epithelial Ovarian Cancer. Int. J. Biol. Sci. 2018, 14, 1960–1973. [CrossRef] [PubMed]
91. Pugh, C.W.; Ratcliffe, P.J. Regulation of angiogenesis by hypoxia: Role of the HIF system. Nat. Med. 2003, 9, 677–684. [CrossRef]

[PubMed]
92. Epstein, A.C.R.; Gleadle, J.M.; McNeill, L.A.; Hewitson, K.S.; O’Rourke, J.; Mole, D.R.; Mukherji, M.; Metzen, E.; Wilson, M.I.;

Dhanda, A.; et al. elegans EGL-9 and Mammalian Homologs Define a Family of Dioxygenases that Regulate HIF by Prolyl
Hydroxylation. Cell 2001, 107, 43–54. [CrossRef]

93. Appelhoff, R.J.; Tian, Y.; Raval, R.R.; Turley, H.; Harris, A.L.; Pugh, C.W.; Ratcliffe, P.J.; Gleadle, J.M. Differential Function of the
Prolyl Hydroxylases PHD1, PHD2, and PHD3 in the Regulation of Hypoxia-inducible Factor. J. Biol. Chem. 2004, 279, 38458–38465.
[CrossRef] [PubMed]

94. Maxwell, P.H.; Eckardt, K. HIF prolyl hydroxylase inhibitors for the treatment of renal anaemia and beyond. Nat. Rev. Nephrol.
2016, 12, 157–168. [CrossRef] [PubMed]

95. Han, J.; Luo, L.; Marcelina, O.; Kasim, V.; Wu, S. Therapeutic angiogenesis-based strategy for peripheral artery disease. Theranostics
2022, 12, 5015–5033. [CrossRef] [PubMed]

96. Wang, G.L.; Jiang, B.H.; Rue, E.A.; Semenza, G.L. Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated
by cellular O2 tension. Proc. Natl. Acad. Sci. USA 1995, 92, 5510–5514. [CrossRef] [PubMed]

http://doi.org/10.1002/jcb.27681
http://www.ncbi.nlm.nih.gov/pubmed/30321449
http://doi.org/10.3390/ijms21072346
http://doi.org/10.3390/ijms221910687
http://www.ncbi.nlm.nih.gov/pubmed/34639028
http://doi.org/10.1038/s41418-022-00988-z
http://www.ncbi.nlm.nih.gov/pubmed/35361964
http://doi.org/10.1016/j.jbc.2021.101365
http://www.ncbi.nlm.nih.gov/pubmed/34728216
http://doi.org/10.1016/j.canlet.2010.04.019
http://www.ncbi.nlm.nih.gov/pubmed/20483533
http://doi.org/10.1186/s13046-021-01849-2
http://www.ncbi.nlm.nih.gov/pubmed/33516252
http://doi.org/10.1016/j.biopha.2016.12.103
http://www.ncbi.nlm.nih.gov/pubmed/28068625
http://doi.org/10.1038/s41420-022-01079-1
http://doi.org/10.1111/cas.14233
http://doi.org/10.1038/s41401-020-00599-9
http://www.ncbi.nlm.nih.gov/pubmed/33526870
http://doi.org/10.7150/ijbs.23602
http://www.ncbi.nlm.nih.gov/pubmed/29725263
http://doi.org/10.1016/j.scitotenv.2021.147051
http://doi.org/10.1186/s12931-019-1083-1
http://www.ncbi.nlm.nih.gov/pubmed/31186017
http://doi.org/10.1016/j.stem.2021.09.009
http://www.ncbi.nlm.nih.gov/pubmed/34624205
http://doi.org/10.3892/ijmm.2017.3075
http://www.ncbi.nlm.nih.gov/pubmed/28731145
http://doi.org/10.1016/j.tcb.2013.07.006
http://doi.org/10.1111/j.1476-4431.2008.00363.x
http://doi.org/10.7150/thno.43481
http://www.ncbi.nlm.nih.gov/pubmed/32226547
http://doi.org/10.7150/ijbs.28048
http://www.ncbi.nlm.nih.gov/pubmed/30585260
http://doi.org/10.1038/nm0603-677
http://www.ncbi.nlm.nih.gov/pubmed/12778166
http://doi.org/10.1016/S0092-8674(01)00507-4
http://doi.org/10.1074/jbc.M406026200
http://www.ncbi.nlm.nih.gov/pubmed/15247232
http://doi.org/10.1038/nrneph.2015.193
http://www.ncbi.nlm.nih.gov/pubmed/26656456
http://doi.org/10.7150/thno.74785
http://www.ncbi.nlm.nih.gov/pubmed/35836800
http://doi.org/10.1073/pnas.92.12.5510
http://www.ncbi.nlm.nih.gov/pubmed/7539918


Cancers 2022, 14, 4955 15 of 16

97. Ahluwalia, A.; Tarnawski, S. Critical role of hypoxia sensor-HIF-1α in VEGF gene activation. Implications for angiogenesis and
tissue injury healing. Curr. Med. Chem. 2012, 19, 90–97. [CrossRef]

98. Conte, C.; Riant, E.; Toutain, C.; Pujol, F.; Arnal, J.F.; Lenfant, F.; Prats, A.C. FGF2 translationally induced by hypoxia is involved
in negative and positive feedback loops with HIF-1α. PLoS ONE 2008, 3, e3078. [CrossRef] [PubMed]

99. Andrikopoulou, E.; Zhang, X.; Sebastian, R.; Marti, G.; Liu, L.; Milner, S.M.; Harmon, W. Current Insights into the role of HIF-1 in
cutaneous wound healing. Curr. Mol. Med. 2011, 11, 218–235. [CrossRef] [PubMed]

100. Jiang, X.; Wang, C.; Fitch, S.; Yang, F. Targeting tumor hypoxia using nanoparticle-engineered CXCR4-overexpressing adipose-
derived stem cells. Theranostics 2018, 8, 1350–1360. [CrossRef] [PubMed]

101. Yu, J.; Xia, X.; Dong, Y.; Gong, Z.; Li, G.; Chen, G.G.; San Lai, P.B. CYP1A2 suppresses hepatocellular carcinoma through
antagonizing HGF/MET signaling. Theranostics 2021, 11, 2123–2136. [CrossRef] [PubMed]

102. Guo, D.; Wang, Q.; Li, C.; Wang, Y.; Chen, X. VEGF stimulated the angiogenesis by promoting the mitochondrial functions.
Oncotarget 2017, 8, 77020. [CrossRef] [PubMed]

103. Engel, J.E.; Williams, E.; Williams, M.L.; Bidwell, G.L.; Chade, A.R. Targeted VEGF (Vascular Endothelial Growth Factor) Therapy
Induces Long-Term Renal Recovery in Chronic Kidney Disease via Macrophage Polarization. Hypertension 2019, 74, 1113–1123.
[CrossRef] [PubMed]

104. Huang, J.; Zhang, H.; Guo, X.; Lu, Y.; Wang, S.; Cheng, B.; Dong, S.; Lyu, X.; Li, F.; Li, Y. Mechanically activated calcium channel
PIEZO1 modulates radiation-induced epithelial-mesenchymal transition by forming a positive feedback with TGF-β1. Front. Mol.
Biosci. 2021, 8, 725275. [CrossRef] [PubMed]

105. Kang, H.; Hong, Z.; Zhong, M.; Klomp, J.; Bayless, K.J.; Mehta, D.; Karginov, A.V.; Hu, G.; Malik, A.B. Piezo1 mediates
angiogenesis through activation of MT1-MMP signaling. Am. J. Physiol. Cell Physiol. 2018, 316, C92–C103. [CrossRef] [PubMed]

106. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial–mesenchymal transition and implications for cancer.
Nat. Rev. Mol. Cell Biol. 2019, 20, 69–84. [CrossRef]

107. Xu, H.; Chen, Z.; Li, C. The prognostic value of Piezo1 in breast cancer patients with various clinicopathological features.
Anti-Cancer Drugs 2021, 32, 448–455. [CrossRef] [PubMed]

108. Misra, J.R.; Irvine, K.D. The Hippo Signaling Network and Its Biological Functions. Annu. Rev. Genet. 2018, 52, 65–87. [CrossRef]
109. Calses, P.C.; Crawford, J.J.; Lill, J.R.; Dey, A. Hippo Pathway in Cancer: Aberrant Regulation and Therapeutic Opportunities.

Trends Cancer 2019, 5, 297–307. [CrossRef] [PubMed]
110. Eble, J.A.; Niland, S. The extracellular matrix in tumor progression and metastasis. Clin. Exp. Metastasis 2019, 36, 171–198.

[CrossRef] [PubMed]
111. Nourse, J.; Pathak, M. How cells channel their stress: Interplay between Piezo1 and the cytoskeleton. Semin. Cell Dev. Biol. 2017,

71, 3–12. [CrossRef] [PubMed]
112. Friedl, P.; Bröcker, E.B. The biology of cell locomotion within three-dimensional extracellular matrix. Cell. Mol. Life Sci. 2000, 57,

41–64. [CrossRef] [PubMed]
113. Luo, M.; Ho, K.K.Y.; Tong, Z.; Deng, L.; Liu, A.P. Compressive Stress Enhances Invasive Phenotype of Cancer Cells via Piezo1

Activation. J. Med. Biomech. 2019, 34, 125–126.
114. Mackay, D.J.G.; Hall, A. Rho GTPases. J. Biol. Chem. 1998, 273, 20685–20688. [CrossRef] [PubMed]
115. Connolly, M.; Veale, D.J.; Fearon, U. Acute serum amyloid A regulates cytoskeletal rearrangement, cell matrix interactions and

promotes cell migration in rheumatoid arthritis. Ann. Rheum. Dis. 2011, 70, 1296. [CrossRef]
116. Maruyama, K.; Nemoto, E.; Yamada, S. Mechanical regulation of macrophage function—Cyclic tensile force inhibits NLRP3

inflammasome-dependent IL-1β secretion in murine macrophages. Inflamm. Regen. 2019, 39, 3. [CrossRef] [PubMed]
117. Solis, A.G.; Bielecki, P.; Steach, H.R.; Sharma, L.; Harman, C.C.D.; Yun, S.; de Zoete, M.R.; Warnock, J.N.; To, S.D.F.; York, A.G.; et al.

Mechanosensation of cyclical force by PIEZO1 is essential for innate immunity. Nature 2019, 573, 69–74. [CrossRef] [PubMed]
118. Atcha, H.; Jairaman, A.; Holt, J.R.; Meli, V.S.; Nagalla, R.R.; Veerasubramanian, P.K.; Brumm, K.T.; Lim, H.E.; Othy, S.; Cahalan,

M.D.; et al. Mechanically activated ion channel Piezo1 modulates macrophage polarization and stiffness sensing. Nat. Commun.
2021, 12, 3256. [CrossRef] [PubMed]

119. Lai, A.; Cox, C.D.; Chandra Sekar, N.; Thurgood, P.; Jaworowski, A.; Peter, K.; Baratchi, S. Mechanosensing by Piezo1 and its
implications for physiology and various pathologies. Biol. Rev. 2022, 97, 604–614. [CrossRef] [PubMed]

120. Mittal, D.; Gubin, M.M.; Schreiber, R.D.; Smyth, M.J. New insights into cancer immunoediting and its three component phases—
elimination, equilibrium and escape. Curr. Opin. Immunol. 2014, 27, 16–25. [CrossRef] [PubMed]

121. DeNardo, D.G.; Andreu, P.; Coussens, L.M. Interactions between lymphocytes and myeloid cells regulate pro- versus anti-tumor
immunity. Cancer Metastasis Rev. 2010, 29, 309–316. [CrossRef] [PubMed]

122. Peña-Romero, A.C.; Orenes-Piñero, E. Dual Effect of Immune Cells within Tumour Microenvironment: Pro- and Anti-Tumour
Effects and Their Triggers. Cancers 2022, 14, 1681. [CrossRef] [PubMed]

123. Wu, Y.; Zhang, J.; Hou, C.; Wang, H.; Zhu, M.; Yao, X. A Pancancer Study of PIEZO1 as a Prognosis and Immune Biomarker of
Human Tumors. J. Oncol. 2022, 2022, 6725570. [CrossRef]

124. Veglia, F.; Sanseviero, E.; Gabrilovich, D.I. Myeloid-derived suppressor cells in the era of increasing myeloid cell diversity. Nat.
Rev. Immunol. 2021, 21, 485–498. [CrossRef] [PubMed]

125. Tang, H.; Zeng, R.; He, E.; Zhang, I.; Ding, C.; Zhang, A. Piezo-Type Mechanosensitive Ion Channel Component 1 (Piezo1): A
Promising Therapeutic Target and Its Modulators. J. Med. Chem. 2022, 65, 6441–6453. [CrossRef] [PubMed]

http://doi.org/10.2174/092986712803413944
http://doi.org/10.1371/journal.pone.0003078
http://www.ncbi.nlm.nih.gov/pubmed/18728783
http://doi.org/10.2174/156652411795243414
http://www.ncbi.nlm.nih.gov/pubmed/21375491
http://doi.org/10.7150/thno.22736
http://www.ncbi.nlm.nih.gov/pubmed/29507625
http://doi.org/10.7150/thno.49368
http://www.ncbi.nlm.nih.gov/pubmed/33500715
http://doi.org/10.18632/oncotarget.20331
http://www.ncbi.nlm.nih.gov/pubmed/29100366
http://doi.org/10.1161/HYPERTENSIONAHA.119.13469
http://www.ncbi.nlm.nih.gov/pubmed/31542966
http://doi.org/10.3389/fmolb.2021.725275
http://www.ncbi.nlm.nih.gov/pubmed/34722630
http://doi.org/10.1152/ajpcell.00346.2018
http://www.ncbi.nlm.nih.gov/pubmed/30427721
http://doi.org/10.1038/s41580-018-0080-4
http://doi.org/10.1097/CAD.0000000000001049
http://www.ncbi.nlm.nih.gov/pubmed/33559992
http://doi.org/10.1146/annurev-genet-120417-031621
http://doi.org/10.1016/j.trecan.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/31174842
http://doi.org/10.1007/s10585-019-09966-1
http://www.ncbi.nlm.nih.gov/pubmed/30972526
http://doi.org/10.1016/j.semcdb.2017.06.018
http://www.ncbi.nlm.nih.gov/pubmed/28676421
http://doi.org/10.1007/s000180050498
http://www.ncbi.nlm.nih.gov/pubmed/10949580
http://doi.org/10.1074/jbc.273.33.20685
http://www.ncbi.nlm.nih.gov/pubmed/9694808
http://doi.org/10.1136/ard.2010.142240
http://doi.org/10.1186/s41232-019-0092-2
http://www.ncbi.nlm.nih.gov/pubmed/30774738
http://doi.org/10.1038/s41586-019-1485-8
http://www.ncbi.nlm.nih.gov/pubmed/31435009
http://doi.org/10.1038/s41467-021-23482-5
http://www.ncbi.nlm.nih.gov/pubmed/34059671
http://doi.org/10.1111/brv.12814
http://www.ncbi.nlm.nih.gov/pubmed/34781417
http://doi.org/10.1016/j.coi.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24531241
http://doi.org/10.1007/s10555-010-9223-6
http://www.ncbi.nlm.nih.gov/pubmed/20405169
http://doi.org/10.3390/cancers14071681
http://www.ncbi.nlm.nih.gov/pubmed/35406451
http://doi.org/10.1155/2022/6725570
http://doi.org/10.1038/s41577-020-00490-y
http://www.ncbi.nlm.nih.gov/pubmed/33526920
http://doi.org/10.1021/acs.jmedchem.2c00085
http://www.ncbi.nlm.nih.gov/pubmed/35466678


Cancers 2022, 14, 4955 16 of 16

126. Romero, L.O.; Massey, A.E.; Mata-Daboin, A.D.; Sierra-Valdez, F.J.; Chauhan, S.C.; Cordero-Morales, J.F.; Vásquez, V. Dietary
fatty acids fine-tune Piezo1 mechanical response. Nat. Commun. 2019, 10, 1200. [CrossRef]

127. Chubinskiy-Nadezhdin, V.I.; Vasileva, V.Y.; Vassilieva, I.O.; Sudarikova, A.V.; Morachevskaya, E.A.; Negulyaev, Y.A. Agonist-
induced Piezo1 activation suppresses migration of transformed fibroblasts. Biochem. Biophys. Res. Commun. 2019, 514, 173–179.
[CrossRef] [PubMed]

128. Syeda, R.; Xu, J.; Dubin, A.E.; Coste, B.; Mathur, J.; Huynh, T.; Matzen, J.; Lao, J.; Tully, D.C. Chemical activation of the
mechanotransduction channel Piezo1. Elife 2015, 4, e07369. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-019-09055-7
http://doi.org/10.1016/j.bbrc.2019.04.139
http://www.ncbi.nlm.nih.gov/pubmed/31029419
http://doi.org/10.7554/eLife.07369
http://www.ncbi.nlm.nih.gov/pubmed/26001275

	Introduction 
	Structure of the PIEZO1 Ion Channel 
	Roles of PIEZO1 in Cancer Hallmarks 
	Sustained Proliferative Signaling 
	Evading Growth Suppressors 
	Apoptosis Resistance 
	Sustained Angiogenesis 
	Metastasis 
	Immune Evasion 

	Conclusions and Perspective 
	References

