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ABSTRACT

Cellular mechanotransduction refers to the process through which cells perceive mechanical
stimuli and subsequently translate them into biochemical signals. Key mechanosensitive ion
channels encompass PIEZO, TREK-1, and TRESK. These mechanosensitive ion channels are crucial
in regulating specific pathophysiological conditions, including fibrosis, tumor progression, and
cellular proliferation and differentiation. Recent research indicates that PIEZO, TREK-1, and TRESK
are significant contributors to various types of cancer pain by sensing mechanical stimuli, which
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subsequently activate internal signaling pathways. Here concentrates on advancements in channels
research concerning PIEZO, TREK-1, and TRESK in cancer pain research, aiming to lay the ground-
work for creating new therapeutic drugs that address mechanosensitive ion channels for treating
cancer pain.
Introduction )
development of cancer pain;  however,

Mechanotransduction refers to the biological pro-
cess through which an organism perceives
mechanical stimuli and converts them into chemi-
cal signals. This process plays a crucial role in
modulating the organism’s physiological and
pathological states [1]. Mechanosensitive ion chan-
nels, including PIEZO, TREK-1, and TRESK, have
been found to respond to various mechanical sti-
muli, such as tensile force and fluid shear stress
[2-5]. Their role is notably significant in the realm
of cancer pain research. Ni et al demonstrated
a positive correlation between PIEZO expression
levels and mechanical nociceptive sensitivity in
a rat model of bone cancer pain [6]. Similarly,
Delanne-Cuménal et al identified the downregula-
tion of TREK-1 as a critical factor contributing to
bone cancer pain [7]. Additionally, TRPV4,
a member of the transient receptor potential
(TRP) family, has been implicated in the develop-
ment of bone cancer pain through the activation of
downstream inflammatory pathways, including
interleukin-17A [8]. These findings indicate that
mechanosensitive ion channels play a role in the

a comprehensive overview of the relationship
between these sensors and cancer pain is currently
absent. Therefore, this review seeks to systemati-
cally clarify the mechanisms of action of three
mechanosensitive ion channels - PIEZO, TREK-
1, and TRESK - in the context of cancer pain.
Additionally, it aims to establish a scientific foun-
dation for the development of pharmacological
agents targeting mechanotransduction sensors.

Cancer pain

Cancer pain is divided into two categories: cancer-
related pain and treatment-related pain. Cancer-
related pain can be further categorized into neuro-
pathic cancer pain (NCP), cancer-induced bone pain
(CIBP), and visceral cancer pain, with these types
involving both inflammatory and neuropathic
mechanisms. Visceral cancer pain is a chronic pain
condition resulting from primary or metastatic
tumors invading visceral organs, characterized by
vague localization. Currently, research on visceral
cancer pain in animal models is limited, highlighting
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it as a significant area for future investigation.
Additionally, treatment-related pain results from tis-
sue or nerve damage caused by cancer therapies,
including surgery, chemotherapy, and radiother-
apy [9].

The transmission mechanism of cancer pain
involves a complex, multilevel interaction among
neurons. This process mainly involves the sequen-
tial activation and synergistic interaction of ter-
tiary neurons. Specifically, Injury sensors located
at the terminus of sensory neurons play a crucial
role in converting harmful stimuli into electrical
signals, known as nerve impulses. These impulses
are first transmitted from primary sensory neurons
to secondary neurons in the dorsal horn of the
spinal cord. Here, they are initially processed
through complex neural circuits. Following this,
pain signals travel along specific neural pathways,
such as the thalamic tract, reaching tertiary neu-
rons in the thalamus and brainstem. Ultimately,
these signals are integrated across various func-
tional areas of the cerebral cortex, culminating in
the perception of pain. The conduction process is
also notably influenced by a downstream neural
pathway, which significantly affects the final
experience of pain perception [10].

In recent years, extensive research has focused
on the molecular mechanisms that contribute to
cancer pain. These studies have increasingly high-
lighted the significance of mechanical signaling in
the transmission of cancer pain. Mechanosensitive
ion channels within the tumor microenvironment,
such as PIEZO, TREK-1, and TRESK, may be
activated by persistent mechanical stimuli. These
stimuli can arise from the compression of adjacent
tissues, the dilation of visceral organs, or fibrotic
tugging associated with tumor progression or
treatment interventions. Such mechanosensitive
ion channels play a critical role in the initiation
and progression of cancer-related pain.

PIEZO
PIEZO biological characteristics

In 2010, Coste et al identified a Ca® *
permeable nonselective cation channel, charac-
terized by the permeability sequence Ca®> * >

Na*~K" > Mg®> * [11,12]. This channel has

been named PIEZO, derived from the Greek
term “pi' esi,” meaning pressure. The PIEZO
family consists of two members, PIEZO1 and
PIEZO2, which are highly conserved across spe-
cies [12].

PIEZO functions as a mechanosensitive ion
channel, responding to mechanical stimuli.
These stimuli include shear stress, tensile force,
hydrostatic pressure, and the stiffness of the
extracellular matrix [2]. Its mechanosensitivity is
significantly influenced by the integrity of the
cytoskeletal network. Actin and myosin II, as
fundamental components of the cytoskeleton,
modulate the mechanosensitivity of Piezo chan-
nels through direct mechanical coupling or indir-
ect signaling pathways [13,14].

In addition to the cytoskeleton’s regulatory
network, the presence of the lipid microenvir-
onment (e.g. PI (4,5) P,, cholesterol) plays
a critical role [15,16]. Subsequent studies have
demonstrated that lipid metabolism exerts
bidirectional regulation on PIEZO mechanosen-
sitivity. Specifically, saturated fatty acids, such
as C17:0, raise the threshold for mechanical
activation by enhancing membrane stiffness.
Conversely, polyunsaturated fatty acids, like
DHA (C22:6), promote channel activation by
reducing membrane structural order and facil-
itating channel opening [17]. This differential
regulation indicates that cells can dynamically
control PIEZO mechanosensitivity by precisely
modulating membrane lipid composition.

Upon completing mechanosensing, activated
PIEZO regulates specific physiopathological
activities by initiating the ATP and calpain sig-
naling pathway [18]. PIEZO1 is predominantly
expressed in non-sensory tissues, including the
lungs, bladder, and skin. It critically regulates
vascular tone, embryonic development, inflam-
mation, and tumorigenesis via the aforemen-
tioned signaling pathways [12,19]. In contrast,
PIEZO?2 is selectively distributed in sensory sys-
tems such as the dorsal root ganglion (DRG),
trigeminal ganglion (TG), and Merkel cells
within the skin, where it dominates processes
related to tactile and mechanical nociception
[20]. Recent studies have shown that the modu-
lation of sensory modalities is closely linked to
the membrane transport of PIEZO2 neurons,



which is aided by the intracellular protein
EndoA2 [21].

Activators of PIEZO

Among small-molecule activators, Yodal is notable
for its ability to partially activate PIEZO1 independent
of external forces. Additionally, it considerably
enhances the mechanosensitivity of PIEZO1 when
exposed to mechanical stimuli, resulting in
a reduction of the half-maximal activation pressure
(P50) by approximately 15mmHg. Furthermore,
Yodal slows the inactivation phase of the transient
currents and stabilizes the open state of the channel,
thereby promoting Ca’® * inward [22]. Jedil/2 func-
tions as an activator of PIEZO1 and remarkably
increases its activity in conjunction with Yodal.
However, there exists a spatial distinction between
their respective target sites: Yodal interacts with the
“beam” structural domain in a downstream position,
whereas Jedil/2 exerts its effect on the upstream lobes
to modulate PIEZO1 activity [23]. In the investigation
of novel activators, cell culture water-soluble extract
(ObHEx) was shown to activate PIEZO1 through
a myosin light chain kinase (MYLK) dependent path-
way. This finding implies that cellular metabolites
may play a role in regulating endogenous mechano-
sensitivity [24]. Conversely, there has been no identi-
fication of a specific chemical activator for PIEZO2.

Inhibitors of PIEZO

In studies of the inhibitory regulation of PIEZO
channels, various small chemical molecules and
endogenous proteins have demonstrated specific
or broad-spectrum inhibitory effects. The com-
pounds Dookul, a structural analog of Yodal,
and tubeimoside I serve as competitive antagonists
against PIEZO1, effectively blocking Yodal-
mediated channel activation. In contrast, OB-1
and OB-2 diminish the mechanosensitivity of
PIEZO1 [25-27]. Additionally, selective inhibition
of PIEZO2 is observed with the styryl dye
FM1-43, the transmembrane protein
TMEMI120A, and phospholipase D (PLD) [28,29].
Broad-spectrum inhibitors, including the spider
toxin GsMTx4, ruthenium red, streptavidin, and
gadolinium ions (Gd*), non-selectively inhibit
PIEZO isoforms [30]. Notably, GsMTx4 disrupts
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mechanosensitive current conductance by redu-
cing membrane tension through the relaxation of
the lipid outer monolayer [31,32].

In the endogenous regulatory system, PIEZOL1
activity is selectively inhibited by sarcoplasmic/endo-
plasmic reticulum Ca”> * -ATPase and Polycystin-2,
while PIEZO2 function is specifically inhibited by
Mtmr2 and Pericentrin [33-36]. Furthermore, the
transcriptional regulator MDFIC/MDFI exerts cross-
subtype activity repression by directly binding to
PIEZO channels, illustrating the intricate nature of
the endogenous regulatory network [37]. These find-
ings provide a molecular foundation for precision
therapy aimed at targeting mechanistic signaling.

The role of PIEZO in cancer pain

The dysregulated expression of PIEZO in tumors is
closely correlated with the progression of cancer
[38]. Tumor metastasis leads to inflammatory
responses and nerve compression, which are pri-
mary contributors to cancer pain. Recent studies
indicate that the activation of PIEZO correlates
with the upregulation of analgesic factors, including
TNF-a, IL-6, IL-1pB, and bradykinin. Additionally,
PIEZO substantially influences the development of
inflammatory and neuropathic pain, which are fun-
damental components of cancer-related pain [39-
43]. Its expression in sensory neurons such as DRG
and TG suggests its significant role in pain-signaling
perception and transduction. Therefore, PIEZO may
be implicated in the pathophysiology of cancer pain,
potentially influencing both its onset and severity.
This mechanism may be linked to alterations in
PIEZO expression as well as its regulatory effects
on inflammation and neural signaling pathways.
CIBP is a prevalent form of cancer pain, pri-
marily stemming from the metastasis of cancer
cells to bone tissue. This metastasis disrupts the
homeostatic balance of the skeleton, leading to
alterations in the bone microenvironment.
During this process, RANKL, released by cancer
cells and osteoblasts (OB), interacts with RANK
on osteoclasts (OC). This interaction activates the
OC, leading to the release of significant amounts
of H, which in turn triggers osteolytic bone
destruction and the associated pain [44]. In addi-
tion, bradykinin in the bone microenvironment

sensitizes = PIEZO  channels in  neurons,
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representing a critical mechanism underlying
CIBP [41]. More importantly, as the tumor
grows, bone destruction can lead to fractures and
inflammatory edema, which increases pressure
within the bone microenvironment [45]. This
increase can activate PIEZO, a mechanosensitive
ion channels located on the periosteal surface of
sensory neurons, thereby exacerbating CIBP.

In recent years, epigenetic regulatory mechan-
isms have offered new insights into the study of
CIBP. Investigations have revealed that m6A
methylation displays tissue specificity in breast
cancer cell-induced CIBP. Specifically, reduced
m6A methylation in the spinal cord is implicated
in the promotion of pain, while increased m6A
methylation levels in the DRG actively drive noci-
ceptive signaling [46,47]. This tissue-specific mod-
ulation may involve the targeting of key
nociception-related molecules. Further research
has shown that the expression of PIEZO is regu-
lated by m6A methylation, suggesting that m6A
may function as an upstream regulator that inte-
grates distinct pain signaling pathways between
the spinal cord and the DRG via modulating
PIEZO expression. This underscores the potential
epigenetic basis of CIBP [48,49].

The role of PIEZO1 in cancer pain

In investigating the regulatory mechanisms of
CIBP, it was observed that the activity of PIEZO1

Table 1. Effects of mechanosensitive ion channels on cancer pain.

in OB, neurons, and macrophages exerts
a significant influence on the pathogenesis of
CIBP. Wang et al observed that the deletion of
PIEZOL1 in OB led to a reduction in bone mass,
an increase in bone resorption, and a heightened
presence of OC on the surface of bone trabeculae
in mice (Table 1). Interestingly, the absence of
PIEZOL1 in OC did not significantly impact bone
metabolism [50]. Given that elevated OC activity,
identified as a crucial initiator of CIBP, these find-
ings imply that PIEZO1 in OB may regulate bone
resorption and CIBP through its influence on OC
function [51]. Additionally, subsequent investiga-
tions demonstrated that the simultaneous deletion
of PIEZO1 and PIEZO2 in OB exacerbated bone
resorption [52]. In summary, PIEZO1 and PIEZO2
in OB may collaboratively influence CIBP by mod-
ulating bone metabolic processes.

In contrast to the bone homeostatic regulation
of PIEZO1 in OB, PIEZO1 in neurons and macro-
phages promotes nociceptive hypersensitivity via
an inflammatory signaling cascade. In a model of
cancer-induced CIBP resulting from breast cancer
cells, the activation of neuronal PIEZO1 may med-
iate Ca® * influx and subsequently initiate the
STING/TBK1/NF-kB signaling pathway through
the release of mitochondrial DNA (Figure 1).
This process promotes the expression of pro-
inflammatory cytokines, including IL-1f3, IL-6,
and TNF-a, which drive neuroinflammatory
responses and ultimately trigger CIBP [53,54]

Cellular
mechanosensitive ion
channels Types of cancer pain  Cell types Potential mechanisms of action Reference
PIEZO1 CIBP Osteoblast ~ PIEZO1 deletion—bone resorption—CIBP [50]
Sensory PIEZO1-Ca**influx—Release of mitochondrial [53,54]
neuron DNA-STING—TBK1-CIBP
PDGF—PIEZO1-Ca”*influx—~AKT~ERK—CIBP [59-
61,64]
VEGF—PKC—PIEZO1-Ca**influx—CaMKII->CIBP [18,62,64]
PIEZO1-BMP2-BMPR—Samd1-CGRP-CIBP [58,63]
Macrophage LPS—TLR4-PIEZO1-Ca?*influx—CaMKIl-Mst1/2-Rac [55-57]
axi—Inflammatory reaction—CIBP
PIEZO2 CIBp Sensory NGF—PIEZO2-CIBP [66,67]
neuron GPCRS—~CAMP—Epac1-NR2B-Ca? influx—~ERK/CaMK—PIEZO2—~CIBP [6]
NCP Sensory PIEZO2 MA 1 >NCP [70]
neuron
TREK-1 CIBP TREK-1 1 ~CIBP (7]
NCP Sensory TREK-1/TRAAK/TRESK § -NCP [109,110]
neuron
TRESK CiBp Sensory VEGF-VEGFR~ | Calcineurin— { NFAT— | TRSK—CIBP [117,142]
neuron
NCP Sensory HDAC1- | H3K9/K14-TRESK { -NCP [145]

neuron
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Figure 1. Possible mechanisms of mechanosensitive ion channels in DRG and spinal cord neurons contributing to CIBP. These
channels transduce mechanical and biochemical signals from the ECM, activating signaling pathways that regulate transcription
factors (e.g. NF-kB and P53), and thereby modulate inflammatory mediator expression and CIBP pathogenesis. Calcium channels
(PIEZO1/2): upon mechanical stimulation, activation of PIEZO1/2 facilitates calcium influx and subsequently activates downstream
signaling pathways, such as the CaMKIl, AKT/ERK, and STING/TBKT1, etc. Notably, selective deletion of PIEZO channels in osteoblasts
exacerbates bone destruction and CIBP progression. Potassium channels (TREK-1/TRESK): regulated by mechanical and biochemical
signals from the ECM, these channels induce neuronal hyperexcitability, leading to nociceptive sensitization and CIBP development.
ECM extracellular matrix, platelet-derived growth factor PDGF, vascular endothelial growth factor VEGF, and bone morphogenetic
protein 2 BMP2, N-methyl-D-aspartic acid (NMDA) receptor subunit 2B NR2B, exchange protein directly activated by cAMP 1 Epac1.

(Table 1).In macrophages, the LPS-TLR4 signaling
axis induces a substantial influx of Ca® * by acti-
vating PIEZO1. This activation further stimulates
the CaMKII-Mst1/2-Rac pathway, contributing to
the release of substantial amounts of inflammatory
mediators [55,56]. Moreover, microglia, as specia-
lized macrophages in the central nervous system,
further exacerbate in breast cancer-associated
CIBP upon TLR4 activation [57] (Table 1). These
findings indicate that macrophages may initiate an
inflammatory response contributing to CIBP by
activating PIEZOLI.

The aforementioned cell-specific investigations
indicate that, at the cellular level, PIEZO1 plays
a role in the genesis of CIBP through a dual path-
way, which regulates bone metabolic homeostasis
(OB) and neuroinflammatory responses (neurons/
macrophages). At the molecular level, PIEZO1 not
only affects the CIBP process by regulating multi-
ple pain mediators but also elucidates its

pathological mechanisms through interactions
with growth factors such as Platelet-derived
growth factor (PDGF), vascular endothelial growth
factor (VEGF), and bone morphogenetic protein 2
(BMP2) [58-64]. PIEZO1 exhibits bidirectional
regulatory properties in growth factor-mediated
CIBP. It acts both as a direct effector activated
downstream of growth factor receptors and as an
enhancer of the nociceptive pathway via mechano-
chemical signaling. This bimodal role positions
PIEZOL1 as a crucial integrative node within the
CIBP mechanistic framework.

PDGF serves as a prominent example of this
regulatory mechanism by activating PIEZOI,
which subsequently induces Ca®* endocytosis and
activates the calcium-dependent AKT-ERK signal-
ing pathway. Importantly, the activation of
PIEZOL1 not only participates in downstream sig-
naling but also contributes to mechanical nocicep-
tive sensitization by lowering the thresholds of
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neuronal action potentials [59,60] (Table 1). Given
that PDGF has been implicated in the mediation of
CIBP via the AKT-ERK pathway, it is hypothe-
sized that PDGF may work synergistically to pro-
mote the development of CIBP through the
PIEZO1-Ca®* -AKT/ERK cascade (Figure 1).
However, further experiments are required to con-
firm these molecular interactions [61].

In contrast to the direct channel activation
properties of PDGF, the VEGF pathway enhances
its functional dimension in CIBP by altering the
mechanosensitive domain of PIEZO1.VEGF-A/
VEGFR?2 signaling facilitates the inward flow of
Ca®* by activating protein kinase C (PKC), which
subsequently initiates cancer pain transmission
dependent on Ca** and CaMKII [64]. Central to
this pathway may be the mechanosensitive ion
channels PIEZO1 (Figure 1). Specifically, PKC
phosphorylates the S1612 site of PIEZO1, thereby
enhancing its mechanosensitivity [62].
Additionally, the Ca** influx resulting from
PIEZO1 activation can create a positive feedback
loop that perpetuates CaMKII activation [18].
Collectively, these findings indicate that PIEZO1
May have a role in CIBP via the VEGF-PKC-
PIEZO1-Ca®* -CaMKII signaling axis (Table 1).

In addition to its direct activation by growth
factors, PIEZO1 May also influence these factors
indirectly by sensing mechanical stress within the
tumor microenvironment. Activation of PIEZO1
by mechanical stress leads to an upregulation of
BMP?2 expression [63]. As a member of the TGF-f
superfamily, BMP2 directly mediates nociceptive
signaling by stimulating the release of calcitonin
gene-related peptide (CGRP) from sensory neu-
rons via the BMPR/Smadl pathway [58]
(Table 1) (Figure 1).

In conclusion, PIEZOL1 is involved in regulating
the pathological process of CIBP through
a multifaceted mechanism. At the cellular level,
PIEZO1 disrupts bone metabolic homeostasis by
affecting OB and mediates neuroinflammatory
responses involving neurons and macrophages.
At the molecular level, PIEZO1 establishes
a functional network with various growth factors.
Specifically, PDGF directly activates PIEZOI1
through the Ca** -AKT/ERK pathway, while
VEGF enhances PIEZO1’s mechanosensitivity by
phosphorylating the S1612 site via the Ca** -

CaMKII pathway. Furthermore, mechanical stress
stimulates PIEZO1, leading to the upregulation of
BMP2 and subsequent release of CGRP. This
“mechano-chemical signaling hub” ultimately
facilitates the amplification of the cancer pain sig-
naling cascade.

The role of PIEZO2 in cancer pain

Research has demonstrated that the expression of
PIEZO?2 in skeletal tissues is predominantly localized
within A§ sensory nerve fibers, which likely detect
pressure alterations within the skeleton, consequently
initiating bone pain [65]. Nencini et al. observed that
the intrathecal administration of PIEZO2 antisense
oligonucleotide diminished the responsiveness of Ad
bone afferent neurons to pressures in the bone mar-
row cavity. Moreover, the down-regulation of
PIEZO2 expression in DRG nearly abolished the
nerve growth factor (NGF)-induced enhancement of
mechanosensitivity in bone afferent neurons [66].
Additionally, studies by Jing et al. have shown that
anti-NGF antibodies significantly mitigate bone pain
associated with CIBP and reduce bone destruction
[67]. Collectively, these findings underscore the essen-
tial function of PIEZO2 in sensory neurons in the
pathogenesis of NGF-induced CIBP (Table 1).

In another model of CIBP, established through
the injection of osteosarcoma NCTC 2472 cells
into the femoral marrow cavity, the researchers
demonstrated that intrathecal administration of
antisense oligonucleotides targeting cyclic adeno-
sine monophosphate-binding protein 1 (Epacl-
ASODN) alongside the NR2B antagonist ifenpro-
dil effectively alleviated mechanical pain in CIBP
mice while simultaneously decreasing PIEZO2
expression in the DRG. In contrast, administration
of the Epacl agonist 8-pCPT via plantar injection
and intrathecal injection of the NR2B agonist
N-methyl-D-aspartic acid (NMDA) exacerbated
mechanical pain and increased PIEZO2 levels in
the DRG. Notably, while ifenprodil successfully
attenuated pain and the upregulation of PIEZO2
induced by 8-pCPT, Epacl-ASODN did not
reverse NMDA’s effects. These findings suggest
that PIEZO2 may play a critical role in CIBP
through the Epacl-NR2B-PIEZO2 signaling path-
way [6] (Table 1).



Based on the aforementioned experimental
results, the researchers formulate a hypothesis
underlying the mechanism of action. Specifically,
they proposed that the activation of G protein-
coupled receptors (GPCRs) in DRG neurons occurs
through mechanical stimulation. This activation
facilitates the conversion of ATP to cAMP, which
subsequently activates Epacl. Activated Epacl regu-
lates the NR2B-containing NMDA receptor; The
activation of this receptor enhances Ca®* influx,
further stimulating ERK and CaMK (Figure 1).
This ultimately promotes the expression of PIEZO2
mRNA and its phosphorylation, resulting in heigh-
tened neuronal excitability and peripheral nocicep-
tive sensitization [6] (Figure 1). Furthermore, the
upregulation of PIEZO2 expression is significantly
correlated with increased levels of m6A methylation.
This relationship may involve a dual mechanism:
Firstly, the m6A-dependent regulatory mechanism
may enhance the stability or translational efficiency
of PIEZO2 mRNA through the action of reading
proteins, such as YTHDF1, which directly promotes
its protein expression and facilitates the amplifica-
tion of cancer pain signals [48]. Secondly, in the
CIBP model, elevated m6A modifications within
the DRG can upregulate NR2B expression, an
upstream regulator of PIEZO2, by inhibiting the
demethylase ALKBH5. This mechanism subse-
quently leads to the transcriptional activation and
functional phosphorylation of PIEZO2, thereby
intensifying  peripheral nociceptive  sensitiza-
tion [46].

In addition to modulating neuronal excitability,
PIEZO2 influences the bone microenvironment
via transcellular interactions. Recent research
demonstrated that the activation of PIEZO2 in
sensory neurons enhances OC production via the
neural-immune-OC axis [68]. Specifically, PIEZO2
activation elicits the release of neuropeptides, such
as calcitonin gene-related peptide (CGRP) and
substance P (SP), This neuropeptide release serves
to amplify the inflammatory response, recruits
immune cells, and promotes the differentiation
and activation of OC. Given that increased OC
activity is a key contributor to CIBP, PIEZO2
may heighten OC activity through this signaling
pathway, consequently exacerbating bone destruc-
tion and contributing to the progression of
CIBP [68].
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In summary, PIEZO2 serves a dual function in
CIBP. It enhances neuronal sensitization via the
Epacl-NR2B-m6A axis while simultaneously pro-
moting bone destruction through the neural-
immune-bone axis. These two mechanisms work
together to exacerbate the pain process.

NCP constitutes a distinctive category of cancer
pain primarily resulting from nerve damage asso-
ciated with cancer itself and chemotherapy-
induced peripheral neuropathy [69]. Vincristine
(VCR), a commonly utilized chemotherapeutic
agent, has shown considerable efficacy against var-
ious malignant tumors; however, its clinical appli-
cation is frequently associated with the onset of
NCP. Duan et al. demonstrated in the VCR-
induced NCP model that microinjections of
PIEZO2 small short hairpin RNA (shRNA) into
the DRG, subcutaneous injections of Gd3+, and
the PIEZO2 mechanically-activated (MA) current
inhibitor cytochalasin D (CD) resulted in an
increased nociceptive threshold in NCP rats
(Table 1) [70]. While VCR treatment reduced the
expression level of PIEZO2 in the DRG, it concur-
rently enhanced the PIEZO2 MA current in DRG
neurons, an effect that was inhibited by both
PIEZO2 shRNA and CD. The findings indicate
that VCR-induced PIEZO2-dependent NCP is
not directly linked to PIEZO2 expression levels;
rather, it primarily results from the augmentation
of PIEZO2 MA currents. Importantly, the VCR
group demonstrated notable behavioral differences
compared to the PIEZO2 shRNA- and Gd**-
treated groups. This discrepancy may arise from
the enhancement of PIEZO2 MA currents induced
by VCR, which could obscure the reduction of MA
currents associated with decreased PIEZO2
expression [70].

The results of the aforementioned study indi-
cate that the mechanosensitive ion channel
PIEZO?2 is a pivotal mediator in the pathogenesis
of cancer-associated pain, particularly in CIBP and
NCP. In sensory neurons, the onset of NCP is
linked to increased PIEZO2-mediated currents,
which are not directly associated with a decrease
in PIEZO2 expression. This contrasts with the
critical role of PIEZO2 expression in CIBP,
inflammatory pain, and neuropathic pain models.
Specifically, in CIBP, PIEZO2 is integral to the
Epacl-NR2B-Piezo2 signaling axis. Conversely, in
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models of inflammatory and neuropathic pain, the
expression of PIEZO?2 is upregulated by inflamma-
tory factors such as IL-1p and IL-6, which contri-
bute to pain perception [6,39,40]. These findings
highlight the distinct role of PIEZO2 channels in
various pain conditions and offer new insights for
the treatment of cancer-related pain. Collectively,
these findings underscore the distinct roles of
PIEZO2 channels across various pain states and
offer new insights into the management of cancer-
related pain.

TREK-1
TREK-1 biological characteristics

The K2P channel family, also known as two-pore
domain potassium channels, represents the newest
class of potassium channels by the scientific com-
munity in the past two decades [71]. This family
can be classified into six subfamilies - TWIK,
TREK, TASK, TALK, THIK, and TRESK - com-
prising a total of 15 distinct members [72]. Among
these, TREK-1 is the most extensively studied,
having been initially identified in mouse brain
tissue [71,73]. This channel comprises two pore
structural domains (PD1 and PD2), each featuring
two transmembrane helices (TM1-M2 and TM3-
M4) interconnected by pore helices (P1 and P2)
and selective filters (SF1 and SF2). The distinctive
two-pore architecture underlies its ability to gen-
erate background currents. Furthermore, TREK-1
possesses intracellular N-terminal and C-terminal
regulatory domains, which are crucial for modu-
lating channel activity and signaling [74].

TREK-1 channel activation is modulated by
a diverse array of stimuli, including mechanical
forces, temperature (32-37°C), intracellular acidi-
fication, and specific membrane lipids, such as low
concentrations of phosphatidylinositol [71,75].
Mechanosensitivity is its primary function, facili-
tating the transduction of mechanical forces
through lipid bilayers. This activation can occur
in response to cellular stretch, hypotonic swelling,
and laminar shear stress, a process that is contin-
gent upon the C-terminal Val298-Thr322 amino
acid sequence [3,5]. In addition to direct mechan-
ical activation, the activity of TREK-1 is dynami-
cally regulated by mechanosensitive cytoskeletal

proteins. In addition to direct mechanical activa-
tion, the activity of TREK-1 is dynamically regu-
lated by mechanosensitive cytoskeletal proteins.
The scaffolding protein AKAP150 binds to the
cytoplasmic C-terminal sites 298-311, directly
activating the channel. Meanwhile, the microtu-
bule-associated protein Mtap2 enhances mem-
brane expression and current by binding to sites
335-360. Both proteins exhibit synergistic effects
in modulating TREK-1 activity [76]. Conversely,
actin and microtubule proteins may inhibit TREK-
1 mechanosensitivity by restricting membrane
deformation [71,77]. This suggests that the cytos-
keletal network plays a crucial role in maintaining
the dynamic balance of TREK-1 function through
a bidirectional mechanism of “activation-
inhibition.”

TREK-1 demonstrates a widespread presence in
the central nervous system, including the basal
ganglia, cerebral cortex, and dorsal root ganglia,
as well as in peripheral organs such as the heart
and kidneys [71]. This extensive distribution
underpins its multifunctional roles. TREK-1 is cri-
tically involved in nociception, neuroprotection,
and epileptogenesis through its modulation of
neuronal excitability. Furthermore, it mediates
the biological effects of volatile anesthetics and is
implicated in inflammatory responses by affecting
immune cell function and the secretion of inflam-
matory mediators [71]. Moreover, TREK-1 is
involved in inflammatory responses by influencing
immune cell function and the secretion of inflam-
matory factors [78,79].

Activators of TREK-1

The activation mechanism of TREK-1 channels is
marked by notable ligand diversity. For instance,
volatile anesthetics, such as chloroform, halothane,
isoflurane, chloromethane, and ether, activate
TREK-1 through specific interactions with the
channel’s C-terminal structural domain [80]. In
contrast, nonvolatile anesthetics, including nitrous
oxide, xenon, and cyclopropane, do not depend on
C-terminal binding at clinically effective concen-
trations; however, they enhance channel activity by
interacting with the residue Glu306 [81].

Notably, a range of clinical therapeutic agents
have been shown to regulate TREK-1. For



instance, riluzole, an approved treatment for
amyotrophic lateral sclerosis, exerts
a bidirectional regulatory impact on TREK-1 by
increasing cAMP levels. This increase initially
results in the transient activation of the channel,
which is then followed by negative feedback inhi-
bition as cAMP accumulates [82,83]. Additionally,
opioids, non-steroidal anti-inflammatory drugs
such as flufenamic acid, mefenamic acid, and
niflumic acid, along with cardiac stabilizers includ-
ing lithium chloride, gabapentin, valproic acid,
and carbamazepine, have been shown to directly
activate TREK-1, with lithium chloride and carba-
mazepine also upregulating its expression [5,84].

In the realm of synthetic compounds, BL-1249,
PD-118057, and DCPIB, which possess negatively
charged groups, alongside ML analogs (ML335
and ML402), interact with the SF region to facil-
itate the opening of channel gates [84,85]. Recent
discoveries of novel TREK-1 activators, specifically
El, B3, and A2, potentially operate through
a comparable mechanism [86]. Notably, caffeic
acid derivatives have demonstrated significant
analgesic effects by enhancing TREK-1 activity,
thereby indicating a promising direction for the
development of new analgesic agents [5].

The activation mechanism of TREK-1 is not
confined to the binding of chemical ligands; it
also encompasses the regulation of physical-
mechanical forces. Cytoskeletal modulators,
including colchicine, latrunculin A, and cytochala-
sin D, activate TREK-1 channels by inhibiting the
polymerization of microtubules and actin. This
inhibition induces localized deformation of the
cell membrane, thereby disrupting the inhibitory
effects on the TREK-1 C-terminus [71].

Inhibitors of TREK-1

Numerous studies have elucidated that diverse
clinical agents inhibit TREK-1 through distinct
mechanisms. For instance, the antidepressants
fluoxetine (IC50 =19 uM) and desmethyl fluoxe-
tine (IC50 = 9 uM) interfere with TREK-1 by bind-
ing to the E306 site located at the C-terminus [87].
Similarly, SID1900 and Spadin, along with their
derivatives, demonstrate comparable inhibitory
effects [88,89]. Furthermore, newly identified
2-hydroxy-3-phenoxypropylpiperidine derivatives,
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which also exhibit antidepressant activity, have
emerged as potent TREK-1 inhibitors, showing
IC50 values ranging from 17 to 45 nM [90].

Antipsychotic medications, including phe-
nothiazines (e.g. chlorpromazine) and butyrophe-
nazines (e.g. haloperidol), directly dose-
dependently inhibit TREK-1 currents with an
IC50 ranging from 1 to 20 uM, and do not utilize
the phosphorylation pathway for their action [91].
Rather, local anesthetics such as lidocaine and
bupivacaine indirectly modulate TREK-1 activity
by inhibiting phospholipase D2 [92].

Calcium channel blockers, such as amlodipine
and nicardipine, have been shown to decrease the
opening rate of TREK-1 channels by influencing
their gating mechanisms. In contrast, class
I antiarrhythmics, including mexiletine, propafe-
none, and quinidine, inhibit TREK-1 activity;
however, the precise mechanisms underlying this
inhibition remain inadequately understood
[3,93,94]. In the domain of natural medicines, the
Japanese formulation KKT, comprised of 14 com-
ponents, induces neuronal activation through the
inhibition of TREK-1 channels. Notably, six of
these ingredients, such as Poria and Longan
meat, have demonstrated individual inhibitory
activity. This suggests that the overall efficacy of
KKT may result from the synergistic interactions
amonyg its ingredients [95].

The role of TREK-1 in cancer pain

TREK-1 is extensively expressed in pain-associated
sensory neurons, including those found in the
DRG and thalamus. It colocalizes with C-fibers
and injury-related receptors, such as TRPV1. By
inducing hyperpolarization of the membrane
potential, TREK-1 effectively inhibits neuronal
excitability, thereby exerting analgesic effects
[71,96]. Knockout studies have demonstrated that
the absence of TREK-1 results in hypersensitivity
to mechanical and thermal stimuli, underscoring
its essential role in the modulation of nociceptive
processes [96].

In the cancer microenvironment, the activity of
TREK-1 may be modulated by various mediators,
with implications for the pathogenesis of cancer-
related pain. For instance, inflammatory factors
such as PGE2, IFN-y, TNF-q, and bradykinin can
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enhance neuronal excitability through the inhibi-
tion of TREK-1 (Figure 1). Additionally, acidic pH
and lysophosphatidic acid may also impede TREK-
1 channel activity [96-99]. Moreover, TREK-1
dysfunction may exacerbate pain by facilitating
the release of CGRP [100]. These regulatory
mechanisms are relevant not only in basal noci-
ceptive pathways but may also be significant lead-
ing to the context of cancer pain.

In cancer, TREK-1 expression is intricately linked
to the manifestation of cancer-related pain. Notably,
its expression exhibits distinct patterns across various
cancer types. For instance, low levels of TREK-1 in
esophageal squamous, pancreatic, and thyroid cancers
are associated with enhanced tumor progression
[101-103]. Conversely, elevated TREK-1 expression
in breast cancer facilitates invasion and bone metas-
tasis, with its activity positively correlating with integ-
rin av/P3. This correlation implies that mechanical
stress could modulate pain signaling via the integrin-
TREK-1 axis [104]. It is hypothesized that various
mechanisms, including nerve compression, the
release of inflammatory factors, and the occurrence
of bone metastasis during cancer progression, may
contribute to nociceptive sensitization through the
TREK-1 pathway. Consequently, TREK-1 presents
a promising therapeutic target for cancer-related
pain; however, its specific regulatory mechanisms in
this context warrant further investigation.

To elucidate the effect of TREK-1 in cancer-
related pain, researchers established a CIBP
model by injecting PC3 prostate cancer cells into
the tibia of immunodeficient mice. The study
documented the onset of spontaneous pain
on day 14 and mechanical nociceptive hypersensi-
tivity on day 21. Administration of riluzole,
a TREK-1 activator, resulted in substantial pain
relief; however, this effect was diminished by spa-
din, indicating that pain relief is dependent on the
TREK-1 signaling pathway [7] (Table 1).
Furthermore, a separate study indicates that
Piezol may facilitate the nociceptive sensitization
previously described by increasing the mechano-
sensitivity of TREK-1, a process that appears to be
influenced by cholesterol-dependent membrane
tension [105]. Riluzole has been shown to exhibit
comparable analgesic effects in both inflammatory
and neuropathic pain; however, the underlying
mechanism remains unclear [106,107]. Given the

crucial role of bone destruction in the progression
of CIBP, researchers have posited that riluzole
might mitigate CIBP by activating TREK-1 to
inhibit bone destruction. Nonetheless, computed
tomography (CT) and bone scintigraphy findings
indicate that riluzole does not significantly impact
cancer cell-induced bone destruction and remodel-
ing [7]. Further studies revealed that riluzole treat-
ment decreased the resting membrane potential of
PC3 cells from —30 mV to —47.7 mV while inhibit-
ing cellular proliferation. This indicates that the
reduction of cellular resting membrane potential
induced by TREK-1 is a critical mechanism via
which riluzole exerts its antiproliferative effects.
In conclusion, TREK-1 mediates the dual analgesic
and antiproliferative effects of riluzole in mice
with CIBP [7]. Unlike the traditional analgesic
morphine, riluzole does not exacerbate bone
destruction and elicits a synergistic effect on
analgesia and anti-tumor proliferation through
the activation of TREK-1. This positions riluzole
as a highly promising analgesic for CIBP [7,108].
Additionally, the mechanical signal regulation of
TREK-1 by PIEZOL1 offers a theoretical framework
for understanding the regulation of multiple
mechanosensitive ion channels in CIBP.

Research has demonstrated that oxaliplatin
downregulates the expression of TREK-1,
TRAAK, and TRESK in mouse DRG neurons
through epigenetic mechanisms (Table 1).
Specifically, the neural restriction silencing factor
binds to regulatory sequences of K2P genes and
recruits histone deacetylases, resulting in chroma-
tin condensation and subsequent gene silencing
[109]. The coordinated down-regulation of these
three mechanosensitive ion channels implies
a potential integrative regulation of the mechanical
signal network within the nociceptive pathways.

In alignment with previous research, oxaliplatin
administration reduced TREK-1/TRAAK expres-
sion, which in turn led to mechanical nociceptive
hypersensitivity and cold sensitization. However,
this effect was not observed in TREK-1-TRAAK
double-knockout mice, indicating that these chan-
nels may synergistically modulate NCP [110]
(Table 1). Furthermore, the regulation of TREK-1
exhibits spatiotemporal dependence; during the
early stages, compensatory upregulation of
TREK-1  expression  through  cytoplasmic



acidification mitigates neuronal damage, while in
later stages, it exacerbates NCP through functional
inhibition [111].

In the C57Bl/6JRj mouse model, oxaliplatin-
induced mechanical pain, cold nociception, and
nerve damage - characterized by decreased con-
duction velocity and mitochondrial degradation -
could be reversed by riluzole. The efficacy of rilu-
zole was found to depend on the activation of
TREK-1, as evidenced by the ineffectiveness of
treatments in TREK1-/- mice or spadin-treated
mice, while TRAAK-/- mice still responded posi-
tively to riluzole [108]. Moreover, the broad inhi-
bition of multiple potassium channels - including
TREK-1, TRAAK, and TRESK - by oxaliplatin
indicates that TREK-1 activation might synergisti-
cally collaborate with other potassium channels to
restore neuronal excitatory and, ultimately, miti-
gate NCP [108,109].

TREK-1 modulates cancer pain via its dual
function by regulating the excitatory balance in
neurons. Its functional inhibition, instigated by
inflammatory mediators, acidic microenviron-
ments, and silencing effects from oxaliplatin,
exacerbates nociceptive sensitization and promotes
tumor progression. Conversely, activating TREK-
1, for instance, through riluzole, alleviates pain
and inhibits cancer cell proliferation by reducing
glutamatergic toxicity and maintaining
a hyperpolarized membrane potential. As a K"
channel operating downstream of the mu-opioid
receptor, TREK-1 contributes to morphine-
induced analgesia with fewer side effects [112].
Recent studies have identified the novel activator
C3001a, which targets the P1-TM4 structural
domain, demonstrating significant analgesic effi-
cacy in both inflammatory and neuropathic pain
without the adverse effects typical of opioids [113].
These findings highlight the potential of TREK-1
in cancer pain management and provide a crucial
pathway for the development of next-generation
targeted therapies.

TRESK
Biological characteristics of TRESK

In 2003, the KCNKI18 gene, located on human
chromosome 10, was successfully cloned. The
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gene encodes TRESK (TWIK-related spinal cord
K" channel), a member of the K2P potassium
channel family; however, it exhibits only 19%
homology with other family members [114].
Subsequent research has classified the TRESK
family into two subtypes: TRESK-1 and TRESK-2
[115]. Notably, TRESK channels exhibit the high-
est activity levels among K2P channels within
rodent sensory neurons and constitute the primary
determinant of the background K current in the
DRG [114,116]. Unlike TREK-1, TRESK does not
significantly influence the resting membrane
potential [116].

TRESK functions as a mechanosensitive ion
channel, exhibiting exceptional sensitivity to var-
ious stimuli. Specifically, hypotonic-induced cell
swelling enhances its current by approximately
40%, while shear stress increases the current by
about 30%. Additionally, tensile force elevates the
channel opening rate by 1.51-fold. These mechan-
ical stimuli likely induce conformational changes
in TRESK channel proteins by modifying mem-
brane tension, thereby increasing their opening
probability [4]. In contrast to TREK-1, TRESK
exhibited insensitivity to temperature variations
but demonstrated a pronounced response to
changes in pH. Both intracellular and extracellular
acidification influenced TRESK’s activity; however,
intracellular acidification had a more pronounced
effect, resulting in a 39% inhibition of current at
pH 5.6. TREK-1, on the other hand, was activated
by intracellular acidification but inhibited by
extracellular acidification [114]. This divergence
in behavior may be attributed to the distinct mole-
cular structures of the two channels, which dictate
their respective responses to environmental sti-
muli. Furthermore, TRESK activity is modulated
not only by mechanical stimuli and pH levels but
also by calcium concentration; specifically, an
increase in intracellular calcium concentration
enhances its activity through the activation of cal-
cium-dependent phosphatases [117].

TRESK is extensively distributed in the central
nervous system, including the dorsal root ganglia,
trigeminal ganglia, cortex, and spinal cord, as well
as in peripheral organs such as the liver, spleen,
kidney, and thymus [118]. Dysfunction of TRESK
has been implicated in various neurological disor-
ders. For instance, in epilepsy, reduced expression
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of TRESK has been shown to directly induce neu-
ronal hyperexcitability, which can precipitate sei-
zures [118]. Importantly, the consequences of
diminished TRESK activity extend beyond epi-
lepsy; it also plays a critical role in pain modula-
tion. Current evidence indicates a significant
association between TRESK dysfunction and neu-
ropathic, inflammatory, and cancer-related pain
[118-120].

Activators of TRESK

The activity of TRESK channels is modulated by
various exogenous substances and endogenous sig-
naling pathways. Notably, volatile anesthetics, such
as desflurane, halothane, isoflurane, and sevoflur-
ane, significantly enhance the TRESK current by
approximately threefold, with IC50 values ranging
from 162 puM (isoflurane)to 658 uM (desflurane)
[121]. In contrast, alcohols, including ethanol,
2-butanol, 2-pentanol, and 2-hexanol, exhibit
lower potency [118]. Furthermore, compounds
such as cloxyquin, A2797, nitroxoline, flufenamic
acid, and its derivative BL-1249 enhance TRESK
activity by stabilizing its open conformation [118].

At the signaling pathway level, Gq-coupled
receptor activators, such as acetylcholine, gluta-
mate, and histamine, along with muscarinic M1
receptor agonists like acetyl-B-methyl-choline and
betaine, enhance the activity of calmodulin phos-
phatases through elevated intracellular Ca*> * con-
centrations. Calmodulin subsequently targets the
TRESK PQIIIS, LQLP, and PQIVID (NFAT-like
docking site) sequences, culminating in channel
activation [117,122,123]. Additionally, PKC recep-
tor activators, such as 12-myristate-13-acetate,
facilitate the activation of TRESK through the
dephosphorylation of S264 residues. This process
may involve the PKC-dependent inhibition of the
kinase responsible for S264 phosphorylation,
thereby unveiling Ca® * - Ca” -independent regu-
latory pathways [124].

The intracellular macrocyclic region of human
TRESK, spanning amino acids 163 to 177, features
a PIP2-binding site comprised of positively
charged residues. This structural motif markedly
enhances channel activity through its interaction
with anionic phospholipids, such as PIP2, via
a mechanism that operates independently of the

Ca®> */calmodulin phosphatase pathway. In con-
trast, rodent TRESK lacks this binding site and
thus exhibits no response to PIP2 [125].

Inhibitors of TRESK

TRESK inhibitors encompass a diverse array of
chemical agents and drug classes. Among the
broad-spectrum potassium channel blockers, non-
selective inhibitors such as Ba®> *, propafenone,
and quinidine directly impair TRESK function
[114]. However, DCPIB serves as a highly selective
inhibitor with an IC50 of 0.14 uM, achieving 82%
inhibition while simultaneously activating the
TREK-1 channel. This bidirectional regulation
implies that the action site may reside within
a structurally distinct region of the channel [85].
Furthermore, fatty acids, including arachidonic
acid and docosahexaenoic acid, can also inhibit
TRESK channel function directly [114]].

Among clinically relevant drugs, bupivacaine,
a local anesthetic, demonstrates the highest
TRESK inhibitory potency (ICso=80.4uM), in
contrast to lidocaine, which requires substantially
higher concentrations to achieve similar effects
(ICso = 3400 pM) [121]. Subsequent investigations
have identified additional TRESK inhibitors,
including the antihistamine loratadine, certain
antidepressants such as amitriptyline and fluoxe-
tine, as well as analgesics like acetaminophen and
ibuprofen [118,126,127]. Notably, the inhibition of
TRESK by calcium channel blockers, such as ver-
apamil and nifedipine, occurs independently of
Ca® * influx, and the precise molecular mechan-
isms  remain  unclear [128]. However,
Immunosuppressants, including cyclosporine A,
FK506, and tacrolimus, indirectly regulate TRESK
by inhibiting the calmodulin phosphatase-NFAT
pathway [117,129]. Additionally, the functional
regulation of TRESK involves multisite phosphor-
ylation, with PKA targeting the Ser-264 site and
14-3-3 protein/MARK kinase acting on the Ser-
274/276/279 sites, creating a dynamic phosphory-
lation regulatory system [130,131].

The role of TRESK in cancer pain

TRESK channels are prominently expressed in key
sites of nociceptive transmission, particularly in



A-§ and C fibers, as well as in TG and DRG
neurons. The functional downregulation of
TRESK enhances neuronal excitability, thereby
facilitating the onset of pain [132-134].
Preclinical studies indicate that the diminished
expression of TRESK in DRG constitutes
a fundamental mechanism underlying nerve-
injurious pain [133]. The inhibition of TRESK
function leads to an increased release of pro-
inflammatory factors, such as IL-1p and IL-6,
while simultaneously reducing the secretion of
anti-inflammatory factors, including IL-10. This
ultimately triggers a neuroinflammatory response
[135]. Consequently, it can be inferred that nerve
infiltration may exacerbate cancer pain via analo-
gous pathways. Importantly, cancer pain encom-
passes both neuropathic and inflammatory
components, with downregulation of TRESK
expression observed in both contexts [120,136].
This evidence indicates that TRESK may play
a pivotal role in the development of cancer-
related pain through the multiple mechanisms
delineated above.

The multi-mechanistic role of TRESK in cancer
pain appears to be intricately linked to its
dynamic reaction to factors within the tumor
microenvironment. While pro-nociceptive media-
tors such as histamine, glutamate, and lysopho-
sphatidic acid (LPA) can directly activate TRESK
to modulate neuronal excitability, their overall
impact on cancer pain remains pro-nociceptive
[122,137-140]. This suggests that TRESK’s func-
tion may be overshadowed by other mechanisms.
Potential explanations for this phenomenon
include: (i) significant down-regulation of
TRESK expression, which masks its physiological
analgesic effects; (ii) the generation of strong pro-
nociceptive signals by these mediators through
alternative molecular pathways, with their
strength surpassing the analgesic potential of
TRESK activation; and (iii) the predominance of
histamine, glutamate, and LPA in the context of
cancer pain, indicating that TRESK activation
may play a secondary role. Further investigation
is warranted to determine whether TRESK activa-
tion is involved in the modulation of bone cancer
pain.

In addition to being modulated by pro-
nociceptive mediators, alterations in TRESK
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activity can significantly influence the progression
of cancer pain. Functional studies indicate that the
overexpression of TRESK substantially decreases
the release of cancer pain-related mediators, such
as substance P, CGRP, TNF-a, and IL-1pB, under-
scoring its potential analgesic properties [141].
Moreover, while acetylcholine (ACh) has been
found to activate TRESK channels, a positive cor-
relation exists between a7-nicotinic acetylcholine
receptors (a7-nAChRs) and the downregulation of
TRESK expression, as well as nociceptive sensitiza-
tion in a bone cancer pain model [122,142,143].
This suggests that the functional inhibition of the
ACh-a7-nAChRs-TRESK pathway may serve as
a central mechanism underlying nociceptive sensi-
tization (Figure 1); however, further investigation
is essential to validate this hypothesis.

To further elucidate TRESK involvement in
cancer pain, a CIBP model was developed by
researchers using tibial inoculation of Walker
256 breast cancer cells. Their findings revealed
that the expression of TRESK was primarily con-
centrated in the dorsal horn region of the spinal
cord; however, it exhibited a marked downregu-
lation in this area [144]. In a parallel study, Yang
et al found a similar decrease in TRESK expres-
sion in the rats suffering from CIBP, thereby
confirming a consistent alteration of TRESK
expression across both peripheral and central
nervous systems [142]. The researchers utilized
lentivirus-mediated TRESK overexpression (LV-
TRESK) and siRNA knockdown techniques to
investigate the functional implications of TRESK
modulation. The findings indicated that LV-
TRESK transfection significantly enhanced out-
ward potassium current density and reduced the
excitability of DRG neurons, effectively alleviat-
ing both mechanical and spontaneous pain beha-
viors in rats [142]. Conversely, TRESK
knockdown expedited nociceptive sensitization,
resulting in spontaneous nociception at 24 hours
post-surgery and mechanical nociceptive sensiti-
zation at 48 hours. Collectively, these results con-
firm that the downregulation of TRESK
expression contributes to peripheral and central
sensitization by impairing potassium current-
mediated inhibitory effects in neurons, thus
representing a fundamental pathological mechan-
ism underlying CIBP [142].
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In-depth mechanistic investigations have eluci-
dated that the abnormal activation of the VEGF-
VEGFR2-calcineurin-NFAT  signaling pathway
plays a pivotal role in the downregulation of
TRESK expression in CIBP (Figure 1). It has
been verified that the expression levels of VEGF
and its receptor VEGFR2 are significantly elevated
in the DRG of CIBP rats. This elevation contri-
butes to the inhibition of calcineurin activity via
VEGFR2 activation, subsequently blocking the
dephosphorylation of NFAT. As a result, NFAT
is unable to translocate into the nucleus to initiate
the transcription of the TRESK gene, leading to
a reduction in TRESK protein expression, ulti-
mately contributing to the pathogenesis of CIBP
[117,142] (Table 1).

In addition to alterations in expression, differ-
ential distribution of TRESK in nerve fibers mod-
ulates pain phenotypes in breast cancer-associated
CIBP equally. A study revealed a significant reduc-
tion in TRESK expression, specifically in the skin
of the hind paw and in the periosteal nerve fibers
of the tibia in CIBP rats. The overexpression of
TRESK resulted in a relief of spontaneous pain at
14 days and evoked pain at 18 days postopera-
tively; conversely, the knockdown of TRESK
swiftly elicited pain phenotypes, with spontaneous
pain appearing at 24 hours and evoked pain at
48 hours [119]. These observations align with pre-
vious research findings [142]. The analysis of pain
modalities indicates that low expression of TRESK
in periosteal nerve fibers (CGRP+ only) is asso-
ciated with spontaneous pain. In contrast, the
reduction of TRESK expression in cutaneous
nerve fibers (CGRP+/IB4+) correlates with evoked
pain. This discrepancy likely accounts for the
observed behavioral differences between sponta-
neous and evoked pain. Thus, variations in
TRESK distribution and its pathological down-
regulation play a critical role in defining nocicep-
tive specificity, underpinning the molecular
mechanisms of pain heterogeneity in CIBP [119].

Inhibition of TRESK expression is observed not
only in CIBP but also in NCP induced by che-
motherapeutic agents such as oxaliplatin.
Consistent with previous studies [109], the oxali-
platin-induced NCP  model demonstrated
a significant reduction in TRESK expression in
the DRG, which was accompanied by an abnormal

increase in histone deacetylase 1 (HDACI).
Electrophysiological assessments revealed that the
diminished TRESK currents contribute to neuro-
nal hyperexcitability, suggesting that the functional
inhibition of TRESK serves as a central mechanism
underlying NCP. Further studies established that
HDACI1 epigenetically suppresses TRESK expres-
sion by lowering the acetylation of histone H3 at
lysines 9 and 14, which in turn exacerbates neuro-
nal excitability and pain phenotypes [145]
(Table 1). In contrast, research on neuropathic
pain indicates that the silencing of TRESK
enhances neuronal apoptosis through the upregu-
lation of the Gm11874/ATP5i gene [136]. This
mechanistic distinction underscores a crucial
foundation for the formulation of targeted analge-
sic strategies.

Discussion

Recent research has progressively clarified the role
of mechanosensitive ion channels in cancer pain,
especially those represented by PIEZO, TREK-1,
and TRESK. These mechanosensitive ion channels
may influence nuclear factors such as NF-xB and
P53 by activating various signaling pathways,
thereby enhancing the production of inflammatory
mediators [1] (Table 1). This process significantly
influences the progression of cancer pain.
Importantly, cross-talk of mechanosensitive ion
channels with other nociceptive pathways, such
as TRPV1 May 200lamplify cancer pain signals.
For instance, Piezol enhances the sensitization of
TRPV1 through a mechanism dependent on cal-
cium ion influx [146]. This suggests that targeting
shared nodes, particularly calcium signaling, could
prove more effective in managing cancer-induced
bone pain that arises from multiple factors.
Targeted interventions employing mechanosen-
sitive ion channels present promising strategies for
the management of cancer-related pain. For exam-
ple, low-intensity focused ultrasound has demon-
strated efficacy in achieving noninvasive analgesia
in murine models by selectively activating TREK-1
to inhibit neuronal hyperexcitability [147].
Notably, recent studies have identified that ele-
vated levels of PIEZOI1 in breast cancer cells
enhance cancer cell invasion and metastasis
[148]. Furthermore, the mechanistic modulation



of PIEZO1 by ultrasound has been shown to
induce apoptosis in cancer cells, suggesting
a promising avenue for mechanical interventions
in the management of cancer pain [149]. However,
the current study encounters two significant chal-
lenges. First, the functional heterogeneity of cer-
tain mechanosensitive ion channels family
members, such as TREK-1 and TRESK, within
the bone metabolic microenvironment remains
poorly understood. Further research is necessary
to clarify how these mechanosensitive ion channels
affect CIBP by regulating the OB-OC balance.
Second, the interplay between mechanosensitive
ion channels and chemical signals, including cyto-
kines and chemokines, in the tumor microenvir-
onment warrants further investigation.
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