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Abstract

Sarcomas are characterized by aggressive growth and a high metastasis potentially leading in most cases to a lethal outcome.
These malignant tumors of the connective tissue have a high heterogeneity with numerous genetic mutations resulting in more
than 100 types of sarcoma that can be grouped into two main kinds: soft tissue sarcoma and bone sarcoma. Sarcomas are often
diagnosed at late disease stage, whereas a guaranteed diagnosis of the sarcoma type is fundamental for successful therapy.
However, there is no appropriate therapy available. Therefore, the need for new therapies, which prolong survival and improve
quality of life, is high. In the last two decades, the role of ion channels in cancer has emerged. lon channels seem to be an ideal
target for anti-tumor therapies. However, different cancer types have their own altered ion channel pattern, and the knowledge
about the tumor-associated ion channel expression is fundamental. Here, we focus on the role of different ion channels in

sarcoma, their pathophysiology, and possible treatment options.
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Introduction

Sarcomas are characterized by aggressive growth and a high
metastasis potentially leading in most cases to a lethal outcome.
These malignant tumors of the connective tissue have a high
heterogeneity with numerous genetic mutations resulting in more
than 100 sub-classifications [12, 13, 58]. These tumors account
for 11 % of child cancer types. Sarcoma arises from mutated cells
of mesenchymal origin (fat, muscle, bone, cartilage, vascular, or
hematopoietic tissue), all sharing certain microscopic character-
istics and similar symptoms [52]. Given by this diversity of pos-
sible origin, there are many subtypes of sarcoma, which are
classified, based on their histological patterns and molecular sig-
natures [56]. Although sarcomas have relatively low incidence
rates, the disease often takes a fatal clinical course. This is due to
unspecific clinical symptomatic or no symptomatic at all in early
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disease stages. Moreover, you need specialized sarcoma centers
for the molecular diagnosis of sarcomas. Another important as-
pect to mention is that treatments in specialized sarcoma centers
show a significantly better overall survival [10, 11].

Sarcomas are divided in the two main groups of (1) bone
sarcomas (including osteosarcoma, Ewing’s sarcoma, and
chondrosarcoma), accounting for around 10 % of all sarcomas,
and (2) soft tissue sarcomas (including, e.g., liposarcoma, fibro-
sarcoma, synovial cell sarcoma, rhabdomyosarcomas, gastroin-
testinal stromal tumor (GIST)) that form the vast majority of all
diagnosed sarcoma [13]. Sarcomas are further sub-classified
based on the type of presumed cell of origin found in the tumor.
So far, there is no promising drug therapy available for sarcomas.
Therefore, it is of highest interest to gain a better understanding
about the tumor diversities, tumor microenvironment, and the
mechanisms underlying the development of these cancers.

Ion channels have emerged as relevant players in the cross-
talk between tumor cells and their tumor microenvironment
and as potential targets because of the following aspects [2]:

1) Ion channels play an important role in cancer biology (pro-
liferation, angiogenesis, differentiation, apoptosis) (Fig. 1).

2) Ion channels are expressed at the cell surface as well as in
different cellular components of the tumor
microenvironment.

3) There are often pharmacological tools available to modu-
late ion channel activity.
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Fig. 1 Contribution of ion channel dysregulation to characteristic cancer properties

Ion transport across the cell membrane is critically impor-
tant for the hallmarks of cancer, a set of six acquired functional
capabilities of cancers defined by Hanahan and Weinberg,
namely self-sufficiency in growth signals, insensitivity to
growth-inhibitory (antigrowth) signals, evasion of pro-
grammed cell death (apoptosis), limitless replicative potential,
sustained angiogenesis, and tissue invasion and metastasis
[30]. Compared to their origin cell, cancer cells often show a
modified cancer-related ion channel expression pattern; in
most cases, a significant increase in their abundance. This is
even more manifest in tumor stem cells, which are more re-
sistant to cancer therapies. lon channels seem to be an ideal
target for anti-tumor therapies. However, different cancer
types have their own altered ion channel pattern and the
knowledge about the tumor-associated ion channel ex-
pression is fundamental [40, 53]. In the following, we will
focus on the role of different ion channels in sarcoma
(Fig. 2; Table 1).

lon channels in sarcoma

Ion channels are integral membrane proteins allowing the pas-
sive passage of ions into or out of a cell along their electro-
chemical gradient [34]. Ion channels themselves are able to
open and close as a response to specific regulatory signals or

Fig. 2 Involvement of different
types of ion channels in sarcoma
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as a reaction to different chemical or physical stimuli. The
channels can be classified according to the gating stimulus
or the nature of the ion species they let pass. lon channels have
the ability to interfere in a plethora of cell processes by using
their tools of fine-tuning the chemistry, electricity, and me-
chanics of cells.

Voltage-gated K" channels (K))

Voltage-gated K* channels comprise a large, ubiquitously
expressed transmembrane protein family activated by
changes in the electrical membrane potential. For humans,
40 voltage-gated potassium channel genes, grouped in 12
subfamilies, have been described [28]. According to se-
quence similarities and function, the family of voltage-
dependent potassium channels can be divided into several
subfamilies. One family of Ky channels is the shaker-
related subfamily (Ky1). It is named after the founding
member of the family identified in “shaker” mutants of
Drosophila melanogaster. Several other potassium chan-
nels with a high-sequence homology are identified in ver-
tebrates followed and form now together with the Kyl
family [28]. At least six genes (Ky1.1-Ky1.6) with differ-
ent physiological functions belong to this family.
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Table 1
Human names of proteins and genes are shown

Dysregulated expression of ion channels in sarcoma. List of in this review described ion channels involved in sarcoma tissue and cell lines.

Ion channel protein name Gene name Patient sarcoma tissue Sarcoma cell line Reference

Ky10.1 KCNH1 Rhabdomyosarcoma, liposarcoma, Fibrosarcoma, rhabdomyosarcoma, [42, 68-71]
osteosarcoma liposarcoma, osteosarcoma

Ky1.3 KCNA3 Leiomyosarcoma, alveolar rhabdomyosarcoma, Osteosarcoma [7,8,72]
embryonal rhabdomyosarcoma

Kyl.5 KCNAS Leiomyosarcoma, alveolar rhabdomyosarcoma, Osteosarcoma, Ewing sarcoma [7, 8,55, 66]
embryonal rhabdomyosarcoma, Ewing sarcoma

Nay1.6 SCNBA Ewing sarcoma [33]

CLC3 CLCN3 Osteosarcoma [19]

DOG]1, Anoctamin-1 DOGI1, ANOI, Gastrointestinal stroma tumor Gastrointestinal stroma tumor [6, 65]

TMEMI16A

TRPMS TRPMS Osteosarcoma [63, 73]

TRPC4/C1 TRPC4/TRPC1 Synovial sarcoma [43]

Piezol PIEZO1 Osteosarcoma, synovial sarcoma [38, 57]

A typical member of the family consists of a pore-forming
a-unit spanning the membrane six times. Four a-subunits
(homo- or heterotetrameric) form a K, channel. The channel
may also contain auxiliary cytoplasmic (-subunits. These (-
subunits have an influence on biophysical properties, regula-
tion, and/or localization of the channel [3, 28, 61]. The first
four transmembrane segments (S1-S4) of the a-subunit con-
stitute the voltage sensor, and the last two segments (S5-S6)
flank a pore-forming loop. The channels contain a highly con-
served structural element known as the selectivity filter, which
allows K* ions to pass at nearly their diffusion limit, while
practically blocking other ions out [41]. A conserved motif
near the C-terminus connects all members of the Ky1 family.
Variations of this motif between the members account for their
different cell surface expression and localization [28, 39]. Ky
channels play a crucial role in a plethora of cellular processes,
e.g., the functioning of excitable cells, regulation of apoptosis,
cell growth, and differentiation [29].

Ether a go-go (Eag = K,10.1) potassium channel

A number of ion channels are already known to be associated
with tumors. Ky10.1 is now the first ion channel directly re-
lated to tumor progression [47]. The Ky10.1 channel was first
cloned from a D. melanogaster mutant exhibiting leg-shaking
behavior under ether anesthesia [64]. Under physiological
conditions, the expression of Ky10.1 (KCNH1) is restricted
to the adult brain and few peripheral cell populations and is
not expressed in the connective tissue [42]. The first evidence
for an oncogenic potential of the K* channel was described by
Pardo et al. already in 1999 [48]. Ky,10.1 is involved in the cell
cycle progression of tumor cells, and Ky10.1 inhibition by
antisense oligonucleotides significantly reduces cell prolifera-
tion in tumors.

Ky10.1 is strongly overexpressed in various tumor types.
Ky10.1 channel activity in the human tumor was shown for
the first time in primary cultures from cervical cancer using
whole-cell patch-clamp recordings [20]. In a study with 210
soft tissue sarcoma patients, Mello de Queiroz et al. showed
that Ky10.1 is aberrantly expressed in over 70 % of sarcomas
by immunohistochemistry [42]. The frequency of Ky10.1 ex-
pression depends on the histological type:
Rhabdomyosarcoma and liposarcoma revealed frequencies
of 82 % or 56 %, respectively. However, the expression of
Ky10.1 neither correlates with epidemiological nor with path-
ological parameters like tumor size or grade. By analyzing the
clinical course and outcome of liposarcoma patients, they cor-
related a high level of K/10.1 expression with a bad prognosis
and aggressiveness of the tumor.

In another study by Wu et al., samples of 109 liposarcoma
patients were examined [71]. They also found Ky10.1 aber-
rantly expressed in over 67 % of the cases but showing no
correlation of Ky10.1 expression with clinicopathological fea-
tures of liposarcoma. In both studies, inhibition experiments
by using RNA interference in established sarcoma cell lines
(fibrosarcoma, rhabdomyosarcoma, and liposarcoma) resulted
in a decrease of cell proliferation and colony-forming,
underlining the importance of Ky/10.1 for tumor survival and
pointing forwards a possible role of Ky/10.1 as a biomarker in
liposarcoma [42, 71].

Wu et al. also investigated the involvement of Ky/10.1 ex-
pression in osteosarcoma [68]. In 71.4 % of 42 examined
osteosarcoma patients, Ky10.1 was overexpressed. Again,
the expression could not be correlated with any epidemiolog-
ical parameter. In order to evaluate the potential of Ky/10.1 as a
therapeutic target in osteosarcoma, a short hairpin RNA
(shRNA) targeting Ky 10.1 was designed. The shRNA was
applied to the human osteosarcoma cell line MG-63, as well
as to mice of a xenograft osteosarcoma model. The application
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led to a decrease in angiogenesis and tumor growth. Wu et al.
propose a suppression of tumor growth via the vascular endo-
thelial growth factor—phosphoinositide 3-kinase—protein ki-
nase B signaling pathway [69]. A combination of Ky10.1
suppression and simultaneous tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) overexpression in MG-
63 and the xenograft osteosarcoma mouse model led to syn-
ergistic anti-tumor effects [70]. In summary, these results
highlight the role of Ky10.1 in tumor proliferation, growth,
and angiogenesis.

Promising treatment options targeting Ky10.1 that have
been described to reduce tumor progression/metastasis in the
last years include monoclonal antibodies, antisense oligonu-
cleotides/siRNA, pharmacological Ky10.1 channel blockers
like astemizole, or imipramine [18, 24, 27, 31, 45].

Ky1.3 and K/1.5 potassium channels

Especially two members of the Ky/1 family, Ky1.3 and Ky1.5,
have been connected with the development and progression of
cancer. In contrast to Ky10.1, Ky channels are widely
expressed in the body. Pathological states in which these chan-
nels are involved can be attributed to a changed quantity of the
channels [9, 16].

Ky1.3, also known as KCNA3, is an intronless gene coding
for a K* channel expressed in a variety of different cell types
and tissues, including microglia, osteoclasts, vascular smooth
muscle cells, and leucocytes of the immune system. The chan-
nel belongs to the delayed rectifier class that allows nerve cells
to effectively repolarize after an action potential [28, 72]. The
channel is activated very fast and shows C-type-dependent
inhibition and recovery. The modulation of Ky/1.3 is an impor-
tant mechanism for apoptosis. In the past years, Ky1.3 has
been implicated with proliferation and growth of several dif-
ferent cancer types, e.g., breast and prostate cancer and glio-
mas. In rat prostate cell lines, K, 1.3 currents have been detect-
ed by electrophysiological patch-clamp recordings [22].
However, the mechanism underlying the involvement of
Ky1.3 in tumorigenesis is under debate [9, 39].

KCNAS codes for member 5 of the Ky1 voltage-gated
potassium channel family (Ky1.5). Ky1.5 is expressed in var-
ious tissues like the heart, the brain, and skeletal muscles. In
humans, the channels underlie the cardiac ultra-rapidly, acti-
vating delayed rectifier K* current, and has a crucial role in
cell cycle regulation. The channel is regulated by extracellular
potassium and pH [28, 36, 66].

Ky1.3 and Ky1.5 are co-expressed in several tissues like brain
and muscle and are remodeled during tumorigenesis [9]. In 2013,
Wau et al. investigated the expression of Ky1.3 in osteosarcoma
cells [72]. They have shown that Ky/1.3 is upregulated in MG-63
osteosarcoma cells. The application of a Ky,1.3 specific inhibitory
shRNA significantly reduced cell proliferation and induced apo-
ptosis in the sarcoma cells. Furthermore, the inhibition of Ky/1.3
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in MG-63 xenografts on nude mice suppressed the growth of
tumors. Shortly after these findings, the relevance of Ky1.5 ex-
pression in osteosarcoma was studied [66]. Ky/1.5 was aberrantly
expressed in osteosarcoma cells. Ky/1.5 specific inhibition via
shRNA significantly suppressed the proliferation of MG-63 os-
teosarcoma cells and arrested the cells in the Gy/G; phase of the
cell cycle. Hence, targeting the ion channels Ky,1.3 or Ky/1.5 may
be a novel therapeutic strategy for the treatment of osteosarcoma.

In a study by Bielinska et al., leiomyoma and
leiomyosarcoma samples of patients were studied for Ky1.3
and Ky1.5 expression [8]. Ky1.3 and Ky1.5 are remodeled in
human smooth muscle sarcoma. The expression of Ky1.3 was
strongly enhanced in leiomyosarcomas compared to
leiomyomas or healthy tissue, and also the expression of
Ky1.5 was elevated in both tumor types. The high expression
levels could be correlated with malignancy and aggressive-
ness of the sarcoma. The same group also investigated
Ky1.3 and Ky1.5 expression in skeletal muscle sarcoma [7]:
Aggressive alveolar rhabdomyosarcoma (ARMS) and embry-
onal rhabdomyosarcoma (ERMS) were studied. The results of
the study revealed that Ky1.5 expression was moderate in
adult muscle and low in ERMS, whereas it was notable in
ARMS and embryonic samples. Interestingly, K, 1.3 expres-
sion showed no major differences between ARMS/ERMS and
healthy samples. The authors state a correlation of Ky1.3 and
Kyl1.5 expression with tumor malignancy. These findings in-
dicate that Ky/1.3 and Ky1.5 represent potential targets for the
treatment of human leiomyosarcoma and rhabdomyosarcoma.
An in silico analysis of the miRNA expression in
leiomyosarcoma compared to smooth muscle samples re-
vealed a differential expression of various miRNAs involved
in molecular pathways in sarcoma samples [5]. These
miRNAs represent a possible target for leiomyosarcoma
therapies.

In contrast to the aforementioned studies showing elevated
expression of Ky1.3 and Ky1.5 channels involved in tumor
progression, a study on Ewing sarcoma postulates reduced
Ky1.5 expression in favor of tumor progression [55]. Ewing
sarcoma is an aggressive bone or soft tissue tumor character-
ized by overexpression of polycomb proteins, which methyl-
ate (i.e., silence) target genes involved in cell differentiation. It
was shown that in particular KCNAS, the gene of Ky1.5 was
epigenetically repressed contributing to cancer cell survival
and proliferation (Fig. 1). Together with the aforementioned
shRNAs, natural molecules like scorpion toxins could act as
Ky1.3 channel blockers for therapeutic applications [46].

Voltage-gated Na* channel Na,1.6

Voltage-gated sodium channels (Nay) comprise a family of ten
members that are widely distributed in neurons of the central
nervous system [4, 15, 23] and may play a role in cancer [49].
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The Na* selective channels efficiently propagate action poten-
tials when the membrane potential is depolarized by an influx
of Na* ions. The structure of Nay channels is quite similar to
the previously described Ky, channels. However, compared to
them, the overall similarity of Nay channels is rather high. The
monomers are composed of four homologous a-subunits,
each spanning the plasma membrane six times, and auxiliary
[-subunits. The composition of S-subunits depends on the
localization of the channel [14, 15]. Nayl1.6 is encoded by
the SCNSA gene and can be found in high density in nodes
of Ranvier. The unique properties of the channel allow it to
sustain repetitive excitation [15]. A recent study by
Hernandez-Mufioz et al. investigated the expression of the
transcriptional repressor RING1B and the subsequent influ-
ence on Nay1.6 in 16 primary Ewing sarcoma specimens [33].
RING1B was shown to inhibit the promotor of SCNSA. It is
highly expressed in Ewing sarcomas leading to suppressed
Na, 1.6 expression. The authors postulate that a reduced func-
tion of Nay1.6 protects the Ewing sarcoma cells from apopto-
sis and the signaling pathway most likely impaired is NF-kB.

Voltage and Ca**-activated CI~ channel DOG1
(TMEM16A, Anoctamin1)

Voltage- and calcium-activated chloride channels (CaCCs) play
an essential role in cell physiology and are expressed in many
different cell types. The channels are involved in the regulation of
neuronal and cardiac excitability, regulation of vascular tone,
smooth muscle contraction, and transepithelial Cl* secretion
[32]. The CaCCs are hard to classify due to missing drugs that
could block one specific channel and the difficulty to determine
the molecular identity. The TMEM16A (transmembrane mem-
ber 16A) protein was identified as a member of the CaCCs [21].
The protein has eight putative transmembrane segments and in-
tracellular N- and C-termini. The channels are assembled by
dimers. TMEM16A appears in various isoforms generated via
alternative splicing and the isoforms differ in voltage dependence
and Ca®* sensitivity [21]. In 2004, TMEM16A was also named
gastrointestinal stromal tumor 1 (DOG1), as it was found to be
ubiquitously expressed in gastrointestinal stroma tumors (GIST)
[65]. West et al. have shown that 97.8 % of 139 scorable GIST
samples of patients were positive for DOG1 while only 4 of 438
non-GIST cases also showed a positive immunoreaction to
DOGI1 [65]. DOGI1 was quickly included as a biomarker, but
the functional role was still unclear at that time. In 2014, electro-
physiological studies from Berglund et al. in GIST882 cells re-
vealed that the DOG1-mediated CI” current is voltage and Ca®*
activated and regulated by DOGI channel activators and inhib-
itors [6]. This group also reported a high expression of DOGI in
GIST cells and that the cellular localization of DOGI varies
between imatinib-sensitive and resistant GIST cells. However,
in vitro experiments with DOG1-regulating modulators revealed

only a small effect of DOGT1 on cell viability and proliferation of
GIST cells. The reason for this high and rather specific expres-
sion of DOG1 in GIST remains unclear and further investigations
are needed to shed light on the function of DOGI1 and its poten-
tial as a therapeutic target.

Voltage-gated chloride channel 3 (CLC-3)

Voltage-gated chloride channels (CLCs) constitute an evolu-
tionarily well-conserved superfamily, which includes two dis-
tinct functional groups: voltage-gated chloride channels and
CI'/H" antiporters. Their functions in higher animals include
cell volume regulation, signal transduction, transepithelial
transport, control of electric excitability, and acidification of
intracellular organelles [37]. Nine CLC-like proteins have
been cloned from mammals. CLC-3 is one member of the
CLC family and participates in the process of proliferation,
apoptosis, and drug resistance in many types of cancers [35].
The expression of CLC-3 produces outwardly rectifying Cl
currents that can be inhibited by the activation of protein ki-
nase C [35]. In a study from Du et al., it was shown that CLC-
3 is upregulated in human osteosarcoma cells and in cells with
high metastatic potency [19]. The expression of CLC-3 corre-
lated with the rate of cell proliferation. A siRNA-induced in-
hibition of CLC-3 arrested the sarcoma cells in phase Go/G; of
the cell cycle. Additionally, the activation of Akt-GSK-3f3 via
phosphorylation was suppressed. These findings indicate that
CLC-3 may be a potential target for osteosarcoma therapy.

Transient receptor potential (TRP) channels

The TRP superfamily of cation channels can be divided into
seven subfamilies: five group 1 subfamilies (TRPA (ankyrin),
TRPC (canonical), TRPM (melastatin or long TRPs), TRPN
(Nomp-C homologues), and TRPV (vanilloid)) and two group
2 subfamilies (TRPML (mucolipin) and TRPP (polycystin)).
Members of the TRP channel family share the feature of six
transmembrane domains (S1-S6) and intracellular N- and C-
termini containing putative protein interaction and regulatory
motifs [25]. Comparable with voltage-gated K* channels, tetra-
mers form cation-selective pores. However, TRP channels are
rather classified according to their amino acid sequence than to
their cation selectivity. TRP channels play a critical role in sen-
sory physiology and have also importance for motile function
[26, 62]. Various TRP channels have been associated with cancer
[39, 54], but their involvement in sarcoma is still not clear.

TRPMS

The mammalian TRPM family has eight members. The tran-
sient receptor potential melastatin 8 (TRPMS) channel, also
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known as “cold receptor” was originally identified in prostate
tissue [60]. This early study already showed that TRPMS8 ex-
pression is elevated in prostate cancer cell lines and several
other cancer cell line. Soon after the identification of the chan-
nel, it was shown that TRPMS acts as ion channel being acti-
vated by cold temperature and the cooling agent menthol in
peripheral sensory neurons, and therefore, plays a critical role
in the detection of cold temperatures [S0]. TRPMS constitutes
anonselective cation channel with a modest Ca>* permeability
[1]. TRPM8-mediated currents characterized by a high Ca**
selectivity have been reported to be induced by stimulation of
prostate cancer cells by either coolness, menthol, or icilin [59].

The group of Wang et al. was the first to demonstrate that
TRPMS is highly overexpressed in osteosarcoma by investigat-
ing 10 samples from osteosarcoma patients [63]. A siRNA-
induced knockdown of TRPMS in osteosarcoma cell lines in-
duced an impaired intracellular Ca”* homeostasis. Furthermore,
the inhibition of TRPMS8 enhanced the efficacy of epirubicin-
induced apoptosis in the sarcoma cells. The authors propose that
TRPMS is required for cell proliferation and motility. They show
that the suppression of TRPMS blocks the Akt-GSK-3[3 pathway
and the subsequent phosphorylation of p44/p42 and FAK. These
results reveal that TRPMS8 may play a role as a therapeutic target
in osteosarcoma.

A subsequent clinical study with primary osteosarcoma
patients by Zhao and Xu involving two consecutive cohorts
of patients aimed to investigate the expression and prognostic
significance of TRPMS in osteosarcoma [73]. The two cohorts
A and B contained 20 and 98 patients, respectively. They
confirmed the previous findings of a significantly higher ex-
pression of TRPMS8 compared to normal bone tissue [63, 73].
Samples of cohort A were examined by qPCR and samples of
cohort B by immunohistochemistry for expression of TRPMS.
Osteosarcoma patients compared to the healthy control group
showed a significantly higher expression of TRPMS (3.34 +
0.23 vs. 0.55+0.12; P<0.05) and 60.2 % positivity for
TRPMS, respectively. TRPMS8 levels were markedly higher
in patients with metastasis or osteosarcoma at higher clinical
stage compared to those with a lower clinical stage and no
metastasis. Therefore, a higher TRPMS expression is associ-
ated with an unfavorable prognosis for the patients [73]. Thus,
TRPMS may serve as a clinical biomarker in the diagnosis or
prediction of clinical outcome in patients with osteosarcoma.

Heteromeric TRPC4/C1

For the mammalian TRPC family, seven members have been
described. However, in humans, only six are expressed as the
human TRPC2 is a pseudogene. The mammalian TRPC fam-
ily can be divided into 4 subsets according to functional sim-
ilarities and sequence homology: TRPC1, TRPC2, TRPC3/6/
7, and TRPC4/5 [62]. TRPCs, in general, are nonselective
Ca** permeable cation channels that need phospholipase C
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for their activation [51]. TRPC1 can form heterotetramers
with TRPC4 and TRPCS [44].

In human synovial sarcoma cells (SW982), the
heterotetramer TRPC4/C1 is expressed. Muraki et al. investi-
gated the cytotoxic effect of the organic compound Englerin A
on human synovial sarcoma cells [43]. There, they identified a
sarcoma selective cytotoxicity of Englerin A, but not in nor-
mal cells. It is proposed that TRPC4/C1 is the primary target
of Englerin A and the effect is mediated by Na* loading via
activation of heteromeric TRPC4/C1 channels coupled with
insufficient Na*/K*-ATPase activity. These findings also indi-
rectly indicate an aberrant expression of TRPC4/C1 in syno-
vial sarcoma cells, as normal cells are not affected.

Mechanically activated cation channel Piezo1

In 2010, Piezol was affirmed to be a mechanically activated
cation channel [17]. Piezo1 constitutes a huge membrane pro-
tein with 14 transmembrane segments. The trimeric complex
has the shape of a propeller with three curved “blades”
encircling a central poor permeable for cations. The channel
is mainly expressed in tissues exposed to fluid pressure and
flow. Piezol can be activated by mechanical stress, shear stim-
uli on the cell membrane, and by chemical agonists, e.g.,
2-[5-[[(2,6-dichlorophenyl)methyl]thio]-1,3,4-thiadiazol-2-
yl]-pyrazine (Yodal) [67].

A recent study provided evidence for the involvement of
Piezol in osteosarcoma [38]. They have shown that Piezol
protein is expressed in human osteosarcoma cells (MG63 and
U2). In a mechanical stretch model with human osteosarcoma
cells, it was shown that Piezol promoted apoptosis of osteo-
sarcoma cells under stretch force, which could be suppressed
via shRNA inhibition of Piezol. However, in in vivo experi-
ments with nude mice, an inhibition of Piezol could signifi-
cantly restrain tumor growth after 4 weeks [38]. In 2018,
Suzuki et al. investigated the possible role of Piezol in cell
viability of synovial sarcoma cells [57]. They showed that
Piezol is highly expressed in synovial sarcoma cells SW982
and could be activated by the Piezol agonist Yodal in a
concentration-dependent manner. A siRNA-induced Piezol
knockdown significantly induced reduced cell viability in sar-
coma cells. However, the molecular mechanism explaining
Piezol involvement in cell viability is yet to be elucidated.
In conclusion, these described publications indicate that
Piezol may be a novel potential therapeutic target for the
treatment of osteosarcoma/synovial sarcoma.

Concluding remarks

Sarcomas show a plethora of more than 100 different malig-
nant tumors, some of which differ greatly in terms of their
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biological behavior, their prognosis, and their response to dif-
ferent therapeutic approaches. The variety of different sarco-
ma types together with the diversity of available drugs and the
requirement of an exact knowledge of the various side effects
demands a high degree of specialization and experience and
makes sarcoma treatment very difficult. A safe and rapid di-
agnosis and the identification of the type of sarcoma are fun-
damental for successful treatment. Therefore, there is a high
need for new strategies and approaches to face the difficulties
of sarcoma tumor treatment and diagnosis. A specified pattern
of ion channel expression could support a safe and fast sarco-
ma therapy. Because of their large functional and structural
diversity, K* channels have enormous potential as targets for
cancer treatment.

Inhibition of ion channels by pharmacological tools, mono-
clonal antibodies, or antisense oligonucleotides/siRNA may
be an attractive strategy to counteract sarcoma growth, prevent
metastasis, and enhance apoptosis of sarcoma cells. Further
studies are required to validate these ion channels as a poten-
tial diagnostic target for the treatment of the various sarcoma
types and to possibly identify new, patient-tailored, therapeu-
tic approaches.

Acknowledgements The authors thank Anita Hecht for her help with
figure illustration.

References

1. Almaraz L, Manenschijn J-A, La Pena E de et al. (2014) TRPMS.
Handb Exp Pharmacol 222: 547-579. doi: https://doi.org/10.1007/
978-3-642-54215-2 22

2. Arcangeli A (2011) Ion channels and transporters in cancer. 3. Ion
channels in the tumor cell-microenvironment cross talk. Am J Phys
Cell Physiol 301(4):C762—C771. https://doi.org/10.1152/ajpcell.
00113.2011

3. Bauer CK, Schwarz JR (2001) Physiology of EAG K+ channels. J
Membr Biol 182(1):1-15

4. Beckh S, Noda M, Lubbert H et al (1989) Differential regulation of
three sodium channel messenger RNAs in the rat central nervous
system during development. EMBO J 8(12):3611-3616

5. Benna C, Rajendran S, Rastrelli M et al (2019) miRNA deregula-
tion targets specific pathways in leiomyosarcoma development: an
in silico analysis. J Transl Med 17(1):153. https://doi.org/10.1186/
$12967-019-1907-2

6. Berglund E, Akcakaya P, Berglund D, Karlsson F, Vukojevi¢ V, Lee
L, Bogdanovi¢ D, Lui WO, Larsson C, Zedenius J, Frobom R,
Bréanstrom R (2014) Functional role of the Ca(2)(+)-activated CI(-
) channel DOGI/TMEMI16A in gastrointestinal stromal tumor
cells. Exp Cell Res 326(2):315-325. https://doi.org/10.1016/j.
yexcr.2014.05.003

7. Bielanska J, Hernandez-Losa J, Moline T et al (2012) Differential
expression of Kv1.3 and Kv1.5 voltage-dependent K+ channels in
human skeletal muscle sarcomas. Cancer Investig 30(3):203-208.
https://doi.org/10.3109/07357907.2012.654872

8. Biclanska J, Hernandez-Losa J, Moline T et al (2012) Increased
voltage-dependent K(+) channel Kv1.3 and Kv1.5 expression cor-
relates with leiomyosarcoma aggressiveness. Oncol Lett 4(2):227—
230. https://doi.org/10.3892/01.2012.718

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bielanska J, Hernandez-Losa J, Perez-Verdaguer M, Moline T,
Somoza R, Cajal S, Condom E, Ferreres J, Felipe A (2009)
Voltage-dependent potassium channels Kv1.3 and Kv1.5 in human
cancer. Curr Cancer Drug Targets 9(8):904-914

Blay J-Y, Honor¢ C, Stoeckle E, Meeus P, Jafari M, Gouin F, Anract
P, Ferron G, Rochwerger A, Ropars M, Carrere S, Marchal F,
Sirveaux F, Di Marco A, Le Nail LR, Guiramand J, Vaz G,
Machiavello JC, Marco O, Causeret S, Gimbergues P, Fiorenza F,
Chaigneau L, Guillemin F, Guilloit JM, Dujardin F, Spano JP, Ruzic
JC, Michot A, Soibinet P, Bompas E, Chevreau C, Duffaud F, Rios
M, Perrin C, Firmin N, Bertucci F, Le Pechoux C, Le Loarer F,
Collard O, Karanian-Philippe M, Brahmi M, Dufresne A, Dupré
A, Ducimetiere F, Giraud A, Pérol D, Toulmonde M, Ray-Coquard
I, Italiano A, Le Cesne A, Penel N, Bonvalot S, NETSARC/
REPPS/RESOS and French Sarcoma Group—Groupe d’Etude des
Tumeurs Osseuses (GSF-GETO) Networks (2019) Surgery in ref-
erence centers improves survival of sarcoma patients: a nationwide
study. Ann Oncol. https://doi.org/10.1093/annonc/mdz124

Blay J-Y, Soibinet P, Penel N et al (2017) Improved survival using
specialized multidisciplinary board in sarcoma patients. Ann Oncol
28(11):2852-2859. https://doi.org/10.1093/annonc/mdx484
Bridge JA, Hogendoorn P, Fletcher CD et al (2013) WHO classifi-
cation of tumours of soft tissue and bone, 4th edn. World Health
Organization Classification of Tumours. International Agency for
Research on Cancer, Lyon

Burningham Z, Hashibe M, Spector L, Schiffman JD (2012) The
epidemiology of sarcoma. Clin Sarcoma Res 2(1):14. https://doi.
org/10.1186/2045-3329-2-14

Caldwell JH, Schaller KL, Lasher RS, Peles E, Levinson SR (2000)
Sodium channel Na(v)1.6 is localized at nodes of Ranvier, den-
drites, and synapses. Proc Natl Acad Sci U S A 97(10):5616—
5620. https://doi.org/10.1073/pnas.090034797

Chen Y, Yu FH, Sharp EM, Beacham D, Scheuer T, Catterall WA
(2008) Functional properties and differential neuromodulation of
Na(v)1.6 channels. Mol Cell Neurosci 38(4):607-615. https://doi.
org/10.1016/j.men.2008.05.009

Comes N, Bielanska J, Vallejo-Gracia A et al (2013) The voltage-
dependent K(+) channels Kv1.3 and Kv1.5 in human cancer. Front
Physiol 4:283. https://doi.org/10.3389/fphys.2013.00283

Coste B, Xiao B, Santos JS, Syeda R, Grandl J, Spencer KS, Kim
SE, Schmidt M, Mathur J, Dubin AE, Montal M, Patapoutian A
(2012) Piezo proteins are pore-forming subunits of mechanically
activated channels. Nature 483(7388):176—181. https://doi.org/10.
1038/nature10812

Cunha LC, Del Bel E, Pardo L et al (2013) RNA interference with
EAGI enhances interferon gamma injury to glioma cells in vitro.
Anticancer Res 33(3):865-870

Du S, Yang L (2015) CIC-3 chloride channel modulates the prolif-
eration and migration of osteosarcoma cells via AKT/GSK3beta
signaling pathway. Int J Clin Exp Pathol 8(2):1622—1630

Farias LMB, Ocana DB, Diaz L et al (2004) Ether a go-go potassi-
um channels as human cervical cancer markers. Cancer Res 64(19):
6996-7001. https://doi.org/10.1158/0008-5472.CAN-04-1204
Ferrera L, Caputo A, Galietta LJV (2010) TMEM16A protein: a
new identity for Ca(2+)-dependent CI(-) channels. Physiology
(Bethesda) 25(6):357-363. https://doi.org/10.1152/physiol.00030.
2010

Fraser SP, Grimes JA, Djamgoz MB (2000) Effects of voltage-gated
ion channel modulators on rat prostatic cancer cell proliferation:
comparison of strongly and weakly metastatic cell lines. Prostate
44(1):61-76

Fukuoka T, Kobayashi K, Yamanaka H, Obata K, Dai Y, Noguchi
K (2008) Comparative study of the distribution of the alpha-
subunits of voltage-gated sodium channels in normal and
axotomized rat dorsal root ganglion neurons. J Comp Neurol
510(2):188-206. https://doi.org/10.1002/cne.21786

@ Springer


https://doi.org/10.1007/978-3-642-54215-2_22
https://doi.org/10.1007/978-3-642-54215-2_22
https://doi.org/10.1152/ajpcell.00113.2011
https://doi.org/10.1152/ajpcell.00113.2011
https://doi.org/10.1186/s12967-019-1907-2
https://doi.org/10.1186/s12967-019-1907-2
https://doi.org/10.1016/j.yexcr.2014.05.003
https://doi.org/10.1016/j.yexcr.2014.05.003
https://doi.org/10.3109/07357907.2012.654872
https://doi.org/10.3892/ol.2012.718
https://doi.org/10.1093/annonc/mdz124
https://doi.org/10.1093/annonc/mdx484
https://doi.org/10.1186/2045-3329-2-14
https://doi.org/10.1186/2045-3329-2-14
https://doi.org/10.1073/pnas.090034797
https://doi.org/10.1016/j.mcn.2008.05.009
https://doi.org/10.1016/j.mcn.2008.05.009
https://doi.org/10.3389/fphys.2013.00283
https://doi.org/10.1038/nature10812
https://doi.org/10.1038/nature10812
https://doi.org/10.1158/0008-5472.CAN-04-1204
https://doi.org/10.1152/physiol.00030.2010
https://doi.org/10.1152/physiol.00030.2010
https://doi.org/10.1002/cne.21786

1170

Pflugers Arch - Eur J Physiol (2019) 471:1163-1171

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Garcia-Ferreiro RE, Kerschensteiner D, Major F et al (2004)
Mechanism of block of hEagl K+ channels by imipramine and
astemizole. J Gen Physiol 124(4):301-317. https://doi.org/10.
1085/jgp.200409041

Gaudet R (2008) TRP channels entering the structural era. J Physiol
586(15):3565-3575. https://doi.org/10.1113/jphysiol.2008.155812
Gees M, Colsoul B, Nilius B (2010) The role of transient receptor
potential cation channels in Ca2+ signaling. Cold Spring Harb
Perspect Biol 2(10):a003962. https://doi.org/10.1101/cshperspect.
2003962

Gomez-Varela D, Zwick-Wallasch E, Knotgen H, Sanchez A,
Hettmann T, Ossipov D, Weseloh R, Contreras-Jurado C, Rothe
M, Stuhmer W, Pardo LA (2007) Monoclonal antibody blockade
of the human Eagl potassium channel function exerts antitumor
activity. Cancer Res 67(15):7343—7349. https://doi.org/10.1158/
0008-5472.CAN-07-0107

Gonzalez C, Baez-Nieto D, Valencia I et al (2012) K(+) channels:
function-structural overview. Compr Physiol 2(3):2087-2149.
https://doi.org/10.1002/cphy.c110047

Grizel AV, Glukhov GS, Sokolova OS (2014) Mechanisms of acti-
vation of voltage-gated potassium channels. Acta Nat 6(4):10-26
Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell
100(1):57-70

Hartung F, Pardo LA (2016) Guiding TRAIL to cancer cells
through Kv10.1 potassium channel overcomes resistance to doxo-
rubicin. Eur Biophys J 45(7):709-719. https://doi.org/10.1007/
$00249-016-1149-7

Hartzell C, Putzier I, Arreola J (2005) Calcium-activated chloride
channels. Annu Rev Physiol 67:719-758. https://doi.org/10.1146/
annurev.physiol.67.032003.154341

Hernandez-Munoz I, Figuerola E, Sanchez-Molina S et al (2016)
RINGI1B contributes to Ewing sarcoma development by repressing
the NaV1.6 sodium channel and the NF-kappaB pathway, indepen-
dently of the fusion oncoprotein. Oncotarget 7(29):46283—-46300.
https://doi.org/10.18632/oncotarget. 10092

Hille B (2001) Ionic channels of excitable membranes, 3rd. edn.
Sinauer Associates Inc., Sunderland

Hong S, Bi M, Wang L et al (2015) CLC-3 channels in cancer
(review). Oncol Rep 33(2):507-514. https://doi.org/10.3892/or.
2014.3615

Jager H, Grissmer S (2001) Regulation of a mammalian Shaker-
related potassium channel, hKv1.5, by extracellular potassium and
pH. FEBS Lett 488(1-2):45-50. https://doi.org/10.1016/s0014-
5793(00)02396-6

Jentsch TJ, Gunther W (1997) Chloride channels: an emerging
molecular picture. Bioessays 19(2):117-126. https://doi.org/10.
1002/bies.950190206

Jiang L, Zhao Y-D, Chen W-X (2017) The function of the novel
mechanical activated Ion channel Piezol in the human osteosarco-
ma cells. Med Sci Monit 23:5070-5082. https://doi.org/10.12659/
msm.906959

Lang F, Stournaras C (2014) Ion channels in cancer: future perspec-
tives and clinical potential. Philos Trans R Soc Lond Ser B Biol Sci
369(1638):20130108. https://doi.org/10.1098/rstb.2013.0108
Lastraioli E, Iorio J, Arcangeli A (2015) Ion channel expression as
promising cancer biomarker. Biochim Biophys Acta 1848(10 Pt B):
2685-2702. https://doi.org/10.1016/j.bbamem.2014.12.016
MacKinnon R (2003) Potassium channels. FEBS Lett 555(1):62—
65. https://doi.org/10.1016/s0014-5793(03)01104-9

Mello de Queiroz F, Suarez-Kurtz G, Stuhmer W et al (2006) Ether
a go-go potassium channel expression in soft tissue sarcoma pa-
tients. Mol Cancer 5:42. https://doi.org/10.1186/1476-4598-5-42
Muraki K, Ohnishi K, Takezawa A, Suzuki H, Hatano N, Muraki Y,
Hamzah N, Foster R, Waldmann H, Nussbaumer P, Christmann M,
Bon RS, Beech DJ (2017) Na(+) entry through heteromeric
TRPC4/C1 channels mediates (-)Englerin A-induced cytotoxicity

@ Springer

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

S8.

59.

60.

in synovial sarcoma cells. Sci Rep 7(1):16988. https://doi.org/10.
1038/s41598-017-17303-3

Myeong J, Ko J, Hong C, Yang D, Lee KP, Jeon JH, So I (2016)
The interaction domains of transient receptor potential canonical
(TRPC)1/4 and TRPC1/5 heteromultimeric channels. Biochem
Biophys Res Commun 474(3):476-481. https://doi.org/10.1016/j.
bbrc.2016.04.138

Napp J, Pardo LA, Hartung F, Tietze LF, Stihmer W, Alves F
(2016) In vivo imaging of tumour xenografts with an antibody
targeting the potassium channel Kv10.1. Eur Biophys J 45(7):
721-733. https://doi.org/10.1007/s00249-016-1152-z

Oliveira IS, Ferreira IG, Alexandre-Silva GM et al (2019) Scorpion
toxins targeting Kv1.3 channels: insights into immunosuppression.
J Venom Anim Toxins Incl Trop Dis 25:¢148118. https://doi.org/10.
1590/1678-9199-JVATITD-1481-18

Ouadid-Ahidouch H, Ahidouch A, Pardo LA (2016) Kv10.1 K(+)
channel: from physiology to cancer. Pflugers Arch 468(5):751-762.
https://doi.org/10.1007/s00424-015-1784-3

Pardo LA, del Camino D, Sanchez A et al (1999) Oncogenic po-
tential of EAG K(+) channels. EMBO J 18(20):5540-5547. https://
doi.org/10.1093/emboj/18.20.5540

Patel F, Brackenbury WJ (2015) Dual roles of voltage-gated sodium
channels in development and cancer. Int J Dev Biol 59(7-9):357—
366. https://doi.org/10.1387/ijdb.150171wb

Peier AM, Mogqrich A, Hergarden AC, Reeve AJ, Andersson DA,
Story GM, Earley TJ, Dragoni I, McIntyre P, Bevan S, Patapoutian
A (2002) A TRP channel that senses cold stimuli and menthol. Cell
108(5):705-715

Plant TD, Schaefer M (2003) TRPC4 and TRPCS: receptor-
operated Ca2+-permeable nonselective cation channels. Cell
Calcium 33(5-6):441-450

Popovich JR, Cassaro S (2019) Cancer, Sarcoma. StatPearls,
Treasure Island

Prevarskaya N, Skryma R, Shuba Y (2018) lon channels in cancer:
are cancer hallmarks oncochannelopathies? Physiol Rev 98(2):
559-621. https://doi.org/10.1152/physrev.00044.2016

Prevarskaya N, Skryma R, Shuba Y (2010) Ion channels and the
hallmarks of cancer. Trends Mol Med 16(3):107—121. https://doi.
org/10.1016/j.molmed.2010.01.005

Ryland KE, Hawkins AG, Weisenberger DJ, Punj V, Borinstein SC,
Laird PW, Martens JR, Lawlor ER (2016) Promoter methylation
analysis reveals that KCNAS ion channel silencing supports Ewing
sarcoma cell proliferation. Mol Cancer Res 14(1):26-34. https://
doi.org/10.1158/1541-7786.MCR-15-0343

Schaefer I-M, Fletcher CDM (2018) Recent advances in the diag-
nosis of soft tissue tumours. Pathology 50(1):37—48. https://doi.org/
10.1016/j.pathol.2017.07.007

Suzuki T, Muraki Y, Hatano N, Suzuki H, Muraki K (2018)
PIEZO1 channel is a potential regulator of synovial sarcoma cell-
viability. Int J Mol Sci 19(5). https://doi.org/10.3390/ijms19051452
The American Cancer Society medical and editorial content team
(2019) What is a soft tissue sarcoma? https://www.cancer.org/
cancer/soft-tissue-sarcoma/about/soft-tissue-sarcoma.html.
Accessed 09 Jul 2019

Thebault S, Lemonnier L, Bidaux G, Flourakis M, Bavencoffe A,
Gordienko D, Roudbaraki M, Delcourt P, Panchin Y, Shuba Y,
Skryma R, Prevarskaya N (2005) Novel role of cold/menthol-
sensitive transient receptor potential melastatine family member 8
(TRPMB) in the activation of store-operated channels in LNCaP
human prostate cancer epithelial cells. J Biol Chem 280(47):
39423-39435. https://doi.org/10.1074/jbc.M503544200

Tsavaler L, Shapero MH, Morkowski S et al (2001) Trp-p8, a novel
prostate-specific gene, is up-regulated in prostate cancer and other
malignancies and shares high homology with transient receptor
potential calcium channel proteins. Cancer Res 61(9):3760-3769


https://doi.org/10.1085/jgp.200409041
https://doi.org/10.1085/jgp.200409041
https://doi.org/10.1113/jphysiol.2008.155812
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1158/0008-5472.CAN-07-0107
https://doi.org/10.1158/0008-5472.CAN-07-0107
https://doi.org/10.1002/cphy.c110047
https://doi.org/10.1007/s00249-016-1149-7
https://doi.org/10.1007/s00249-016-1149-7
https://doi.org/10.1146/annurev.physiol.67.032003.154341
https://doi.org/10.1146/annurev.physiol.67.032003.154341
https://doi.org/10.18632/oncotarget.10092
https://doi.org/10.3892/or.2014.3615
https://doi.org/10.3892/or.2014.3615
https://doi.org/10.1016/s0014-5793(00)02396-6
https://doi.org/10.1016/s0014-5793(00)02396-6
https://doi.org/10.1002/bies.950190206
https://doi.org/10.1002/bies.950190206
https://doi.org/10.12659/msm.906959
https://doi.org/10.12659/msm.906959
https://doi.org/10.1098/rstb.2013.0108
https://doi.org/10.1016/j.bbamem.2014.12.016
https://doi.org/10.1016/s0014-5793(03)01104-9
https://doi.org/10.1186/1476-4598-5-42
https://doi.org/10.1038/s41598-017-17303-3
https://doi.org/10.1038/s41598-017-17303-3
https://doi.org/10.1016/j.bbrc.2016.04.138
https://doi.org/10.1016/j.bbrc.2016.04.138
https://doi.org/10.1007/s00249-016-1152-z
https://doi.org/10.1590/1678-9199-JVATITD-1481-18
https://doi.org/10.1590/1678-9199-JVATITD-1481-18
https://doi.org/10.1007/s00424-015-1784-3
https://doi.org/10.1093/emboj/18.20.5540
https://doi.org/10.1093/emboj/18.20.5540
https://doi.org/10.1387/ijdb.150171wb
https://doi.org/10.1152/physrev.00044.2016
https://doi.org/10.1016/j.molmed.2010.01.005
https://doi.org/10.1016/j.molmed.2010.01.005
https://doi.org/10.1158/1541-7786.MCR-15-0343
https://doi.org/10.1158/1541-7786.MCR-15-0343
https://doi.org/10.1016/j.pathol.2017.07.007
https://doi.org/10.1016/j.pathol.2017.07.007
https://doi.org/10.3390/ijms19051452
https://www.cancer.org/cancer/soft-tissue-sarcoma/about/soft-tissue-sarcoma.html
https://www.cancer.org/cancer/soft-tissue-sarcoma/about/soft-tissue-sarcoma.html
https://doi.org/10.1074/jbc.M503544200

Pflugers Arch - Eur J Physiol (2019) 471:1163-1171

M7

61.

62.

63.

64.

65.

66.

67.

Vacher H, Mohapatra DP, Trimmer JS (2008) Localization and
targeting of voltage-dependent ion channels in mammalian central
neurons. Physiol Rev 88(4):1407—1447. https://doi.org/10.1152/
physrev.00002.2008

Venkatachalam K, Montell C (2007) TRP channels. Annu Rev
Biochem 76:387-417. https://doi.org/10.1146/annurev.biochem.
75.103004.142819

Wang Y, Yang Z, Meng Z, Cao H, Zhu G, Liu T, Wang X (2013)
Knockdown of TRPMS suppresses cancer malignancy and en-
hances epirubicin-induced apoptosis in human osteosarcoma cells.
Int J Biol Sci 10(1):90-102. https://doi.org/10.7150/ijbs.7738
Warmke J, Drysdale R, Ganetzky B (1991) A distinct potassium
channel polypeptide encoded by the Drosophila eag locus. Science
252(5012):1560—-1562. https://doi.org/10.1126/science. 1840699
West RB, Corless CL, Chen X, Rubin BP, Subramanian S,
Montgomery K, Zhu S, Ball CA, Nielsen TO, Patel R, Goldblum
JR, Brown PO, Heinrich MC, van de Rijn M (2004) The novel
marker, DOG1, is expressed ubiquitously in gastrointestinal stro-
mal tumors irrespective of KIT or PDGFRA mutation status. Am J
Pathol 165(1):107-113. https://doi.org/10.1016/S0002-9440(10)
63279-8

Wu J, Chen Z, Liu Q, Zeng W, Wu X, Lin B (2015) Silencing of
Kv1.5 gene inhibits proliferation and induces apoptosis of osteosar-
coma cells. Int J Mol Sci 16(11):26914-26926. https://doi.org/10.
3390/ijms161126002

Wu J, Lewis AH, Grandl J (2017) Touch, tension, and transduction
- the function and regulation of Piezo ion channels. Trends Biochem
Sci 42(1):57-71. https://doi.org/10.1016/j.tibs.2016.09.004

68. Wu J, Wu X, Lian K et al (2012) Overexpression of potassium
channel ether a go-go in human osteosarcoma. Neoplasma 59(2):
207-215

69. Wu J, Wu X, Zhong D, Zhai W, Ding Z, Zhou Y (2012) Short
Hairpin RNA (shRNA) Ether a go-go 1 (Eagl) inhibition of human
osteosarcoma angiogenesis via VEGF/PI3K/AKT signaling. Int J
Mol Sci 13(10):12573-12583. https://doi.org/10.3390/
ijms131012573

70. Wul, Zeng T, Wu X, Gao Q, Zhai W, Ding Z (2013) Ether a go-go
1 silencing in combination with TRAIL overexpression has syner-
gistic antitumor effects on osteosarcoma. Cancer Biother
Radiopharm 28(1):65-70. https://doi.org/10.1089/cbr.2012.1283

71. Wul, Zhong D, Wei Y, Wu X, Kang L, Ding Z (2014) Potassium
channel ether a go-gol is aberrantly expressed in human
liposarcoma and promotes tumorigenesis. Biomed Res Int 2014:
345678-345612. https://doi.org/10.1155/2014/345678

72. Wu J, Zhong D, Wu X, Sha M, Kang L, Ding Z (2013) Voltage-
gated potassium channel Kv1.3 is highly expressed in human oste-
osarcoma and promotes osteosarcoma growth. Int J Mol Sci 14(9):
19245-19256. https://doi.org/10.3390/ijms 140919245

73.  Zhao W, Xu H (2016) High expression of TRPMS predicts poor
prognosis in patients with osteosarcoma. Oncol Lett 12(2):1373—
1379. https://doi.org/10.3892/01.2016.4764

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1152/physrev.00002.2008
https://doi.org/10.1152/physrev.00002.2008
https://doi.org/10.1146/annurev.biochem.75.103004.142819
https://doi.org/10.1146/annurev.biochem.75.103004.142819
https://doi.org/10.7150/ijbs.7738
https://doi.org/10.1126/science.1840699
https://doi.org/10.1016/S0002-9440(10)63279-8
https://doi.org/10.1016/S0002-9440(10)63279-8
https://doi.org/10.3390/ijms161126002
https://doi.org/10.3390/ijms161126002
https://doi.org/10.1016/j.tibs.2016.09.004
https://doi.org/10.3390/ijms131012573
https://doi.org/10.3390/ijms131012573
https://doi.org/10.1089/cbr.2012.1283
https://doi.org/10.1155/2014/345678
https://doi.org/10.3390/ijms140919245
https://doi.org/10.3892/ol.2016.4764

	Ion channels in sarcoma: pathophysiology and treatment options
	Abstract
	Introduction
	Ion channels in sarcoma

	Voltage-gated K+ channels (KV)
	Ether a go-go (Eag&thinsp;=&thinsp;KV10.1) potassium channel
	KV1.3 and KV1.5 potassium channels

	Voltage-gated Na+ channel NaV1.6
	Voltage and Ca2+-activated Cl− channel DOG1 (TMEM16A, Anoctamin1)
	Voltage-gated chloride channel 3 (CLC-3)
	Transient receptor potential (TRP) channels
	TRPM8
	Heteromeric TRPC4/C1

	Mechanically activated cation channel Piezo1
	Concluding remarks
	References


