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Simple Summary: Glioblastoma is a devastating brain tumor that, even with the best available
treatments, leads to death for most patients in less than two years after diagnosis, due primarily to its
highly invasive nature. Certain membrane signaling proteins (ion channels and water channels) that
contribute to cell migration are known to increase in abundance as glioblastoma severity worsens, but
have not been explored as possible therapeutic targets. This review evaluates the novel proposal that
clinical value might be achieved by simultaneously targeting selected combinations of membrane
proteins which show patterns of co-occurrence unique to glioblastoma subtypes. The dual targeting
of signaling pathways with pharmacological blockers might exploit cell-specific vulnerabilities
in glioblastoma while reducing off-target consequences on normal neurons and glial cells. The
optimization of target selection and doses could launch innovative methods to control the spreading
of pathological brain tumors, enhancing the success of primary treatments (surgery, radio- and
chemotherapy) which comprise current best practice.

Abstract: Current therapies for Glioblastoma multiforme (GBM) focus on eradicating primary tumors
using radiotherapy, chemotherapy and surgical resection, but have limited success in controlling the
invasive spread of glioma cells into a healthy brain, the major factor driving short survival times
for patients post-diagnosis. Transcriptomic analyses of GBM biopsies reveal clusters of membrane
signaling proteins that in combination serve as robust prognostic indicators, including aquaporins
and ion channels, which are upregulated in GBM and implicated in enhanced glioblastoma motility.
Accumulating evidence supports our proposal that the concurrent pharmacological targeting of
selected subclasses of aquaporins and ion channels could impede glioblastoma invasiveness by
impairing key cellular motility pathways. Optimal sets of channels to be selected as targets for
combined therapies could be tailored to the GBM cancer subtype, taking advantage of differences
in patterns of expression between channels that are characteristic of GBM subtypes, as well as
distinguishing them from non-cancerous brain cells such as neurons and glia. Focusing agents on
a unique channel fingerprint in GBM would further allow combined agents to be administered
at near threshold doses, potentially reducing off-target toxicity. Adjunct therapies which confine
GBM tumors to their primary sites during clinical treatments would offer profound advantages for
treatment efficacy.

Keywords: brain cancer; motility; invasion; membrane signaling; fluid transport; potassium channels;
calcium channels; glutamate receptors; AQPs

1. Introduction

Cancer remains a leading cause of death worldwide, accounting for approximately
10 million deaths in 2020. The global burden of cancer is steadily increasing, with incidence
expected to increase by 47% in the coming decades to reach an estimated 28.4 million cases
in 2040. According to the World Health Organization, the most frequently diagnosed types
of cancer as of 2020 include breast, lung, colorectal and prostate cancers.
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Notably, brain and nervous system cancers accounted for less than 2% of all diagnoses,
but caused up to 3% of cancer-related deaths in 2020 [1]. Glioblastoma (also known as
glioblastoma multiforme; GBM) is an invasive tumor derived from neuroglial progenitor
stem cells. Representing more than 60% of all intracranial tumors, glioblastoma is the most
common malignant primary brain tumor [2,3]. With a median survival expectancy of 12 to
14 months following diagnosis [4], the outlook for patients diagnosed with glioblastoma
multiforme is grim and has remained so for decades despite increasingly advanced attempts
at treatment. Although glioblastoma rarely spreads beyond the brain, the aggressive
invasion of glioma cells into healthy brain parenchyma makes glioblastoma multiforme
particularly difficult to overcome with current treatment regimens. Further limitations are
imposed by the extensive cellular heterogeneity of glioblastoma tumors, which can leave
treatment-resistant cells poised to initiate relapse.

Metastasis, in which tumor cells disseminate from primary neoplasms to secondary
sites, is responsible for more than 90% of tumor-related deaths [5,6]. The metastatic spread
of cancer often results in recurrence during definitive treatment failure. A growing demand
for new strategies to inhibit cancer cell invasiveness remains unmet. The hierarchical
metastatic cascade offers opportunities for intervention at multiple steps, including angio-
genesis, detachment from the primary tumor, degradation of the extracellular matrix and
the invasion of dissociated tumor cells into neighboring tissues and vasculature.

2. Aquaporins, Ion Channels and Ionotropic Receptors Are Emerging as Therapeutic
Targets in GBM

Aquaporins (AQPs) and ion channels are among an array of proteins known to be
involved in cellular motility mechanisms, and thus are of interest as target proteins in
the development of new treatments for halting tumor spread. Although multiple classes
of AQPs and ion channels have been implicated in migration for diverse types of carci-
nomas in vitro and in vivo, most are yet to be evaluated for glioblastoma. The signaling
pathway overlap between normal cells in the brain and GBM is a challenge for imposing
interventions without causing unacceptable side effects. We propose that simultaneously
modulating both AQPs and ion channels could enhance therapeutic potential. Defining
optimal combinations of pharmacological agents to impede glioblastoma motility with
minimal cytotoxicity could pioneer new approaches for controlling glioblastoma spread
during the concurrent administration of standard treatments. Abnormal aquaporin and ion
channel activities have downstream effects that have been linked to progression in malig-
nant tumors. Depending on cancer type, cell invasion involves different aquaporins and ion
channels that accelerate tumor angiogenesis, enhance cell volume regulation, regulate cell-
cell and cell-matrix adhesions, influence the activity of proteases and extracellular-matrix
degrading molecules, and coordinate actin cytoskeletal reorganization [7-20]. Apparently
exploiting the broad portfolio of channel properties and tissue-specific distributions, mul-
tiple channel classes have been associated with cancer-specific demands for the complex
processes of invasion and metastasis. Aquaporin subtypes are selectively upregulated in
different cancer types, with roles beyond simple passive water conduits (Table 1).

Table 1. Proposed roles for aquaporins and aquaglyceroporins in elevating invasion and metastasis
in different types of cancers, with cited references in brackets.

Channel Type Cancer Types [Reference] Roles in Cancer Invasion and Metastasis
° Enhancing tumor endothelial cell migration,
promoting the recruitment of new tumor vasculature
Gli 1 e  Regulating tumor cell volume and interactions with
L ioma [21] the cytoskeleton to enable cellular protrusion
ung adenocarcinoma [22] formation, promoting migration and invasion
AQP1 Colorectal carcinoma [23] ‘P & mig

Interacting with metalloproteinases to degrade the
extracellular matrix (ECM) and enable the invasion of
tumor cells into neighbor tissue

e Interacting with 3-catenin to enhance migration

Multiple myeloma [24]
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Table 1. Cont.

Channel Type Cancer Types [Reference] Roles in Cancer Invasion and Metastasis
Regulating focal adhesion turnover, facilitating the
. ) traction of invading tumor cells to ECM
AQP2 Endometrial carcinoma [25] Reorganizing F-actin for the estradiol-induced
invasion and adhesion of tumor cells
é‘ urtlg cancer [25); Interacting with ECM-degrading proteases
Li astric cancer [27] Regulating cell protrusion formation, enhancing tumor
iver and pancreatic cancer [28,29] . .
AQP3 : cell migration
Colorectal carcinoma [23] . . .
Ovarian cancer [30] Enabhng the HyO; influx precedlng. .
Breast cancer [31] chemokine-dependent tumor cell migration
Colocalizing with ion channels at leading and trailing
edges of migrating tumor cells
AQP4 Glioma [21] Regulating tumor cell volume and cytoskeletal
dynamics to enable cellular protrusion formation for
rapid invasion and migration
Prostate cancer [32] Colocalizing with ion channels at the leading and
Myelogenous leukemia [33] trailing edges of migrating tumor cells
AQP5 Liver cancer [29] Enabling rapid cellular protrusion formation via cell
Pancreatic cancer [28] volume modifications
AQP7 Thyroid cancer [34] Unknown
Enhancing tumor cell migration via the
Oesophageal cancer [35] EGFR/ERK1/2 pathway following EGF stimulation
AQP8 Myeloger}ous leukaemia [36] Facilitating the influx of Nox-derived H202, increasing
Cervical cancer [37] intracellular ROS to levels that drive tumor cell
proliferation and migration
AQP9 ilslé)rzlca;ttgg: [[f:”))g]] Potentially accelerating the ERK1/2 pathway
Prostate cancer [40] ECM-degrading metalloproteinase-9
Unk ; mRNA lati iated with
AQP10 Gastric cancer [41] . rr(l) grlll(())vsxig m upregulation associated with poor

3. Roles of Aquaporins

Aquaporins in the superfamily of major intrinsic proteins (MIPs) comprise 15 mam-

malian subtypes, including AQPs 0-12 in higher mammals and AQPs —13 and —14 in older
lineages [42-45]. AQPs 0-12 are widely expressed throughout the human body (Figure 1)
and particularly abundant in cell types involved in fluid or glycerol transport, includ-
ing eye lens, renal duct cells, epidermal cells, choroid plexus and astrocytes, adipocytes,
hepatocytes and the endothelial cells constituting blood and lymphatic vessels [46-57].

AQPs 0, -1, -2, —4, —5, —6 and —8, referred to as classical aquaporins, are known
primarily as water channels, but also show permeability to urea, gases, H,O,, ammonia
and charged particles [58-65]. The aquaglyceroporins (AQPs 3, —7, —9 and —10), in
addition to mediating water flux, also facilitate the passive transport of glycerol and, in
some cases, urea, lactate or HyO, [59,66-71]. AQP11 and AQP12 are distantly related
paralogs of the mammalian aquaporins; AQP11 has been suggested to show water and
glycerol permeability [72,73].
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Figure 1. Overview of mammalian aquaporin tissue distributions. In the brain, AQP1 is abundant
in the choroid plexus, and AQP4 is high in astrocyte end-feet. AQP1 is the predominant aquaporin
in erythrocytes and blood vessel endothelial cells. AQP5 and AQP11 are expressed in the salivary
glands. In the eye, AQPS5 is expressed in the epithelial cells of the cornea, and AQPO in the lens. AQPs
3 and —5 are expressed in the epithelium of the respiratory tract. Hepatocytes, cardiomyocytes and
epidermal keratinocytes express AQPs 9, —7 and —3, respectively. In pancreatic cells, AQPs 1 and —5
are expressed on the membrane; AQPS8 shuttles between intracellular and membrane locations. In
the kidney, AQP3 is expressed in the medulla and collecting ducts; AQPs 1 and —7 are colocalized in
the proximal tubule; AQPs 2 and —6 are expressed in the apical membranes of the collecting ducts.
Adipocytes express aquaglyceroporins AQPs —3, —7, —9, and —10. AQP10 is highly expressed in
intestinal villi. AQP3 and AQP8 are abundant in colonic tissue.

3.1. AQPs Show a Conserved Structural Theme, but Differ in Key Properties

Aquaporin channels comprise four subunits, each with six transmembrane domains
showing well conserved amino acid sequences that carry signature motifs, as well as key
differences which enable functional specializations (Figure 2). Water pores are present in
each monomer, but tetrameric assembly is a prerequisite for water transport efficiency,
structural stability and membrane localization. Tetramers in membranes (Figure 2A)
in some AQP classes can aggregate into higher-order arrays stabilized by interactions
between N-terminal domains [74,75]. The six x-helices in aquaporin monomers (~30 kD)
are connected by loops A to E (Figure 2B). Loops B and E contain the hallmark Asp-Pro-Ala
(NPA) sequences which are highly conserved in the MIP superfamily and line the narrow
pathway of the subunit water pore (inset 1, top row).
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c
FFATLFYVFFGLGS---SLRWAPG-—------ PLHVLQVAMAFGLALATLVQVGHISGAHVNPAVTFAFL
FLATTLFVFISIGS---ALGFKYPVGNNQTAVQDNVKVSLAFGLSIATLAQVGHISGAHLNPAVTLGLL
FLATLLFVFFGLGS---ALNWP------- QALPSVLQIAMAFGLGIGTLVQLGHISGAHINPAVTVACL

CLGTLILVMFGCGS---VAQVVLS----RGTHGGFLTINLAFGFAVTLGILAGQVSGAHLNPAVTFAMC
FLAMLIFVLLSLGS---TINWG---GTEKPLPVDMVLISLCFGLSIATMVQFGHISGGHINPAVTVAMV

FLATLIFVFFGLGS---ALKWP------- SALPTILQIALAFGLAIGTLAQLGPVSGGHINPAITLALL
FLATGLYVFFGVGS---VMRWP-—--—--—-- TALPSVLQIAITFNLVTAMAVQTWKASGAHANPAVTLAFL
FMSTYVMMVFGLGS---VAHMVLN----K-KYGSYLGVNLGFGFGVTMGVHAGRI SGAHMNAAVTFANC
LLGSALFIFIGCLS---VIENGDT-------- TGLLQPALAHGLALGLVIALGNISGGHFNPAVSLAAM
FLGTFILIVLGCGC---VAQAILS----RGRFGGVITINVGFSMAVAMAIYAGGVSGGHINPAVSLAMC

FLGVFVLMLLTQGA---VAQAVTS----GETKGNFFTMFLAGSLAVTIAIYGGNVSGAHLNPAFSLAMC
FLATFQLCCCTHE----- LQLLS----EQHPAHPTWTLTLVYFFSLVHGL---TLVGTSSNPCGVMMQM
ASKALLPVGAYEVFAREAMRTLVELGPWAGDFGPDLLLTLLFLLFLAH---GVTLDGASANPTVSLQEF

CIFAT-YDERRNG-QLGSVALAVGFSLALGHLFGMYYTGAGMNPARSFAPA
CVLAT-TDRRRRD-LGGSAPLAIGLSVALGHLLAIDYTGCGINPARSFGSA
CIFAS-TDERRGE-NPGTPALSIGFSVALGHLLGIHYTGCSMNPARSLAPA
CVLAI-VDPYNNPVPRGLEAFTVGLVVLVIGTSMGFNSGYAVNPARDFGPR
TIFAS-CDSKRTD-VTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPA
CIFAS-TDSRRTS-PVGSPALSIGLSVTLGHLVGIYFTGCSMNPARSFGPA
CVFAS-TDSRQT---SGSPATMIGISVALGHLIGIHFTGCSMNPARSFGPA
CLFAI-TDQENNPALPGTEALVIGILVVIIGVSLGMNTGYAINPSRDLPPR
AVCMGAINEKTK---GPLAPFSIGFAVIVDILAGGPVSGGCMNPARAFGPA
IVFAI-FDSRNLGAPRGLEPIAIGLLIIVIASSLGLNSGCAMNPARDLSPR
GLLAI-LDRRNKGVPAGLEPVVVGMLILALGLSMGANCGIPLNPARDLGPR
ALLHF-QEVRTK----- LRIHLLAALITFLVYAGGSLTGAVENPALALSLH
CFHLT-LLHLRHS-PPAYSGPAVALLVTVTAYTAGPFTSAFFNPALAASVT

Figure 2. Schematic representation of the Aquaporin-1 channel structure. (A) The extracellular
face of tetrameric AQP1, from the X-ray crystal structure for bovine AQP1 (Protein Data Bank
1J4N). (B) Simplified transmembrane topography diagram of an individual subunit showing six
helical transmembrane domains (M1-M6) connected by loops A-E. (Inset 1) View of Pro 79, Asp
80 and Asn 78 residues in the signature NPA motif. (Inset 2) View of His 182, Phe 58 and Arg
197 residues in the ar/R constriction enabling selective water permeability. (C) Partial amino acid
sequence alignment of human AQPs 0-12 comparing the NPA motifs (red) and ar/R constriction
regions (orange). Aquaglyceroporins are shown in magenta. Conserved residues within the ar/R
constrictions are highlighted in navy; deviations from this are highlighted in cyan. The Tyr phenolic
barrier specific to AQPO is shown in green. Panels A and B are adapted from Varricchio et al. [76].

In each monomer, the amphipathic pore connecting the intracellular and extracellular
vestibules consists of hydrophilic «-carbonyl groups from the polypeptide backbone, and
hydrophobic residues [77]. Asparagine side chains in the NPA motifs oriented into the
pore act as hydrogen-bond donors and acceptors to coordinate single-file water transport
through the pore, whereas positively charged residues repel proton passage [78]. A narrow
region in the extracellular vestibule featuring aromatic (ar) and arginine (R) residues is
termed the ar/R constriction (inset 2, top row), which provides substrate selectivity by size
exclusion based on the limiting diameter [79]. The partial sequence alignment of human
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aquaporins (Figure 2C) illustrates the diversity of ar/R sites in terms of amino acid size and
hydrophobicity, reflecting the range of solute permeability profiles across the MIP family.

3.2. Aquaporins Initially Classified as Strict Water Channels Facilitate Fluxes of Diverse Substrates

AQPO, thought to be exclusively expressed in mammalian eye lens junctions [54], has
a low unitary water permeability as compared to AQP1, and is sensitive to external pH
and calcium [80,81]. Tyr-23 and Tyr-149 residues flanking the extracellular and intracellular
sides of the intrasubunit water pore are conserved in AQPO across phyla, and thought to
constitute a ‘phenolic barrier” which reduces rates of water transport [82,83]. The residue
equivalent to Tyr-149 is absent from aquaporins with high rates of water permeation.
However, the residue equivalent to Tyr-23 is present in AQP6 (Figure 2C), which shows
low basal rates of water transport [57]. AQPO reconstituted into lipid bilayers shows ion
channel activity characterized by large-conductance single channels with a slight anionic
selectivity [84-86].

In the same theme, AQP1 also functions as a dual water and ion channel. AQP1,
abundantly expressed in the kidney, choroid plexus and endothelia as well as other tis-
sues [56], carries cations through the tetrameric center via a cGMP-gated ion pore that is
pharmacologically and functionally distinct from the four monomeric water pores [60-64].
Molecular dynamic simulations confirmed by mutagenesis indicate that cGMP interacts with
conserved arginine residues in Loop D to trigger the opening of the central pore, facilitating
the permeation of monovalent cations including K*, Cs*, Na*, Li* and TEA* [64,65,79,87-91].
AQP1 upregulation in GBM has been linked to enhanced cell-cell adhesion, cellular aggre-
gation, and actin reorganization [18,92]. The roles of AQP1 in cell volume regulation have
been proposed to drive morphological adaptation into elongated spindle shapes allowing
glioma cells to penetrate narrow extracellular spaces in the brain [20,93]. Blocking the
cation conductance of AQP1 has been shown to slow colon cell migration, an effect that
was potentiated by the co-application of an AQP1 water pore blocker, suggesting both
channel functions are involved in maximizing cell motility [94]. The possible roles of the
dual water and ion channels AQP0 and AQP6 in cell motility mechanisms remain unex-
plored. AQP6, localized to intracellular vesicles such as in acid-secreting cells of the renal
collecting duct [57], has been shown to function as an anion-selective channel, confirmed
by the mutation of a lysine residue near the monomeric pore to glutamate, which increased
permeability to cations [57]. In Xenopus oocytes expressing AQP6, the application of HgCl,
increased water permeability and ion currents [57,95], though acidic pH, rather than HgCly,
is considered a logical candidate for the physiological activator [96].

In GBM, AQP4 colocalizes with chloride and potassium channels at the leading edges
of motile tumor cells to enhance locomotion [19,20], promoting cell volume regulation,
integrin trafficking and metalloproteinase (MMP) secretion in response to protein kinase
C [19,68,93,97], which also reduces osmotic water permeability by inducing AQP4 inter-
nalization [98]. AQP4, highly expressed in the central nervous system, facilitates glymphatic
fluid circulation, synaptic plasticity and the regulation of pericellular fluid volumes [99-101],
and is suggested to contribute to CO, transport [102]. AQP4 in astrocyte end-feet controls
water movement across the blood brain barrier, essential for nervous system protection
and fluid homeostasis [52,53], as demonstrated by the increased infarct volumes caused
by ischemic cerebral edema after the downregulation of AQP4 expression by microRNAs
(miRNA-320a and miRNA-130a) [103-105].

Other classes of AQPs not known to be linked to GBM include AQPs 2, 5 and 8. AQP2,
abundant in the apical membranes of renal collecting duct cells, is regulated by vasopressin,
which via cAMP-dependent protein kinase A (PKA) signaling causes the redistribution
of AQP4 channels from intracellular vesicles to the apical membrane [106,107]. AQPS5,
expressed in salivary glands, in corneal, bronchial and pancreatic epithelia, and throughout
the respiratory tract [55], is sensitive to extracellular signaling-regulated kinase (ERK) and
cAMP signaling pathways [108-110]. In addition to mediating transmembrane water and
CO;, fluxes [102,111,112], AQP5 has been proposed to provide HyO; transport. When
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expressed in yeast cells, human AQP5 enabled HyO, and reactive oxygen species (ROS)
regulation not evident in AQP5-null control cells [113], and influenced microtubule dynam-
ics and paracellular passage of molecules in subepithelial tissues [55]. AQP8 expressed
in colonic and pancreatic tissues [49] relocates between the membrane and cytoplasm in
response to osmotic load [114], and shows a broad solute permeability profile including
NHj3;, NH;* and HyO; as well as water. The heterologous expression of AQPS8 in a mutant
yeast strain deficient in NHj transport restored cell growth [115]. In voltage-clamp work
using Xenopus oocytes, AQP8 expression enabled inward currents carried by NH4* [116],
suggesting ion channel functionality. The heterologous expression of AQPS also increased
capacity for HyO, diffusion in yeast and HeLa cells [62,117]. AQPS in the inner mitochon-
drial membrane is thought to mediate H,O, release from the mitochondrial matrix when
ROS generation is high [118]. Since the initiation and progression of gliomas has been
shown to be associated with cellular redox imbalances [119], further investigation of the
possible roles of AQPs as peroxiporins in GBM would be of interest.

The diverse subtype-specific capabilities of AQPs appear to be differentially exploited
by cancers for enhanced progression and survival. The AQP classes linked to the patholo-
gies are not interchangeable, suggesting that selective pharmacological modulators could
prove useful as targeted treatments which could be tailored to specific types of cancers
based on the corresponding classes of AQPs involved.

3.3. Aquaglyceroporins Enable Transmembrane Fluxes of Water and Glycerol, and Other Substrates

A comparison between the ar/R constriction regions of classic aquaporins such as
AQP1 and the aquaglyceroporins AQPs 3, 7, 9 and 10 (Figure 2C) suggests that a histidine
residue in classic AQPs might serve to exclude glycerol from the water pore [120,121]
since the equivalent position in aquaglyceroporins features small, non-polar amino acids,
consistent with a wider pore for glycerol passage [121]. Of the aquaglyceroporins, only
AQP9 has thus far been linked to invasion properties in GBM. AQP9 features one of the
most diverse permeability profiles of the mammalian MIP family; proposed substrates
include H,O,, mannitol, sorbitol, adenine, uracil and thiourea [122], with possible roles
in absorption and excretion that await further investigation. It is postulated that the AQP9-
mediated clearance of lactate and glycerol facilitates glioblastoma survival by counteracting the
lactic acidosis which occurs during extensive hypoxia within glioblastoma tumors [123,124].

Not linked to GBM are AQPs 3, 7 and 10, which also show tissue-specific roles in glyc-
erol handling. AQP3 is found in the kidney medulla, colon and keratinocytes in the basal
layer of the epidermis [47]. AQP3-facilitated glycerol transport is vital for skin hydration,
elasticity, and wound healing [47,125]. In cultured human keratinocytes, reduced AQP3
protein expression caused dehydration, reversed by a glycerol derivative that upregulated
AQP3 activity and reduced transepidermal water loss [126,127]. AQP3 also shows per-
meability to urea, potentially relevant to the function of kidney collecting duct cells [128].
AQP7 mediates the efflux of newly synthesized glycerol during lipolysis in adipose tissue,
and contributes to adenosine triphosphate (ATP) production in cardiomyocytes [48,51].
AQP7-null mice showed glycerol accumulation in adipocytes, increased triacylglycerol
synthesis, and ultimately obesity with severe insulin resistance [129,130]. AQP7, unlike
most other mammalian aquaporins, has atypical signature motifs (NAA and NPS instead
of NPA), as shown in Figure 2C [131,132]. Colocalized with AQP1 in the apical membranes
of proximal tubules [66,133,134], AQP7 supports kidney glycerol reabsorption [134]. The
removal of NHj from the circulation to reduce toxic accumulation in arterial blood plasma
during intense exercise [135,136] could involve AQP7 or AQP9, both of which mediate
NH; permeability as shown in Xenopus oocytes at levels exceeding that of AQP3, and not
seen for AQPs 2 or 4 [128,137]. In hepatocytes, AQP9 facilitates sinusoidal glycerol uptake
from the bloodstream for gluconeogenesis during starvation [46]. In addition to water
and glycerol, both AQP7 and AQP9 show permeability to urea, NH3 and arsenite. The
transport of arsenite by AQPs 7 and 9 could implicate these aquaglyceroporins in aiding
or abetting responses to toxic substances [138]. Reduced blood glucose levels in fasted
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AQP9-null mice reflected impaired gluconeogenesis [139]. However, possible correlations
between human aquaporin levels, obesity and diabetes remain controversial. AQP10 is
highly expressed in villi of the proximal small intestine, and in adipocytes with AQPs
—3 and —9, which promote glycerol export [50]. AQP10 shows water, glycerol and urea
permeability [140] and pH-sensitive glycerol transport [141]. Double protonation of a key
histidine residue at low pH is linked to structural rearrangement of the ar/R constriction,
resulting in pore widening and glycerol passage. In contrast, water flux through AQP10 is
pH-insensitive [142].

AQPs 11 and —12 have been dubbed superaquaporins, with an overall structural
architecture characteristic of AQPs [44,143], but with relatively low sequence similarity as
compared to other MIP classes [44,143]. NPC and NPT are seen instead of the signature
motif NPA [44] (Figure 2C). Physiological roles remain to be undefined, although glycerol
permeability has been reported for AQP11, which might contribute to salivary gland
development and intravesicular homeostasis [144,145]. AQP12 in pancreatic cells could
influence the secretion of digestive enzymes and fluids [146] but details are not yet clear.

3.4. Aquaporins as Targets for Therapeutic Treatments in GBM

Aquaporin classes have been well characterized in terms of protein structure, function
and localization, but their molecular mechanisms in tumorigenesis, metastasis, cellular
migration and invasion remain to be fully defined. Diverse roles in pathologies including
nephrogenic diabetes, cerebral edema and dry eye disease [147-149] suggest great potential
for aquaporin-based therapeutics. However, single targets addressed with single agents
might not achieve the therapeutic goals needed in complex systems such as the CNS. Com-
binations of pharmacological agents might offer greater hope for successful interventions.

The field of aquaporin pharmacology is still at an early stage. Unlike ion channel
blockers, a broad panel of defined aquaporin inhibitors is not yet available for subtype-
specific modulation [150]. Blockers of AQP1 that slow colon cancer migration and invasion
include bumetanide derivatives AqB007 and AqB011, which inhibit the AQP1 cation chan-
nel; 5-hydroxylmethyl furfural, which also blocks the AQP1 ion channel; and Bacopasides I
and II from the medicinal plant Bacopa monnieri, which preferentially block the AQP1 ion
channel and water pores, respectively [151]. Treatment with Bacopasides I and II together
potentiates the migration-inhibiting effect [152], suggesting that the dual inhibition of
AQP1-mediated water and ion movement is more efficacious than the inhibition of either
water or ion channel activity alone.

4. Ion Channels as Targets of Interest for Controlling GBM Progression

Transcriptomic analyses have identified classes of ion channels enriched in human
glioblastoma biopsy samples [153,154] and that are involved in cancer invasion and metas-
tasis in diverse cancer types (Table 2). These channels could be targeted perhaps in combi-
nation with aquaporin blockers to restrain tumor progression.

Table 2. Proposed roles for ion channels in elevating invasion and metastasis in different types of
cancers, with cited references in brackets.

Cancer Types Showing

Channel/Receptor Type Upregulation [Reference] Roles in Cancer Invasion and Metastasis
e  Promoting filopodia stabilization, allowing
maturation into focal adhesions that direct cancer
Breast cancer adenocarcinoma [155] cell migration and invasion
Cay Head and neck carcinoma [156] e  Facilitating EGFR signaling and ECM stiffening to

induce collective cancer cell invasion of the
surrounding tumor microenvironment
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Table 2. Cont.

Channel/Receptor Type

Cancer Types Showing

Upregulation [Reference]

Roles in Cancer Invasion and Metastasis

Nav

Breast cancer [157]

Altering cytoskeletal elements to adopt cellular
morphologies facilitative of migration
Promoting proteolytic degradation of the ECM

Melanoma [158,159]
Neuroblastoma [160]
Breast cancer [161]

Interacting with f1-integrins to induce the
membrane hyperpolarization preceding extensive
cell dispersion and actin cytoskeleton reorganization
Modulating cell migration by allowing calcium entry
and inducing rapid focal adhesion turnover rates

GABAAR

Breast cancer [162,163]
Lung cancer [164]

Activating Akt and ERK1/2 kinases to facilitate
downstream cellular migration pathways
Mediating upregulation of ECM-degrading
metalloproteins

nAChR

Breast carcinoma [165]
Cervical cancer [166]

Facilitating nicotine- and growth factor-induced increases
in redox regulator thioredoxin, overexpression of
which induces:

Increased production of VEGEF, HIF-1a and
angioproteins; potent stimulators of cell migration
Rho-mediated cytoskeletal remodeling

Gastric cancer [167]

Interacting with ser/thr kinase 38 (Stk38) to enhance
MEKK2-MEK1/2-ERK1/2 signaling, promoting
invasion and metastasis

Glioblastoma [20,168,169]
Melanoma [159]

Allowing potassium fluxes across the membrane that
accompany osmotically driven water movements,
allowing changes in cell volume and shape
facilitative of cell locomotion

Modulating actin polymerization and
depolymerization in response to cellular volume
fluctuations

ASIC

Breast cancer [170]
Epithelial carcinoma [171]
Pancreatic cancer [172]

Facilitating increased calcium influx under acidic
conditions to promote:

ROS-AKT-NF-kB signaling that regulates cell
migration and invasion
Epithelial-to-mesenchymal transition via the RhoA
pathway, during which tumor cells acquire
invasive capabilities

NMDA receptor

Lung and thyroid carcinomas,

medulloblastoma [173]

Modulating Ca* homeostasis to regulate cellular
process formation and migration

AMPA /kainate receptor

Glioblastoma [174]
Pancreatic cancer [175]

Facilitating the Ca?* entry required for cells to adopt
fusiform morphology and elongated processes
suitable for cell locomotion

Inducing cellular invasion and migration via
activation of the K-ras/MAPK signaling cascade in
response to increased glutamate levels

Much of the work on ion channels in cancers to date has been defining subtypes

which influence cancer cell growth and survival as strategic targets for the design of
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small molecule inhibitors to disrupt proliferation or induce apoptosis [176]. An equally
important area that merits investment is defining the ion channels involved in cancer cell
migration and invasion, to identify avenues for the co-development of small molecule
inhibitors of motility. Diverse classes of ion channels are gated by an array of physiologically
relevant parameters including voltage, ligand binding, pH, membrane tension, and more,
which trigger conformational changes to open, close, potentiate or inactivate pores for
ion conduction [177] and to control key cellular responses. The highly invasive nature of
GBM tumors constitutes a major challenge for effective treatment using strategies, such
as chemotherapy and radiotherapy, which aim to directly eradicate primary tumors. The
selective targeting of ion channel subtypes that are enriched in GBM tumors and known to
influence cellular motility pathways could constitute a powerful adjunct therapy. A prior
review surveyed the association between increased expression of KCa, Ca2+, Na+, GABA
and ACh receptor ion channels and reduced survival in GBM patients, with a view towards
identifying points for anti-invasive interventions [178]. Updated information is included in
Sections 4.1 and 4.2 below.

4.1. Roles for K* and Ca** Channels in GBM

K* and Ca?* channel activities influence motility in GBM and other cancers. The
association between small-conductance K¢, channel K,2.3 and the risk of bone metastasis
by human breast cancer cells (MDA-MB-435s) was shown to depend on formation of a
lipid-raft complex with the store-operated Ca?* channel Orail to promote migration [179].
Intracellular Ca?* oscillations modulate cellular migration in U87-MG tumor cells by
governing the turnover rate of focal adhesions, the proteins that anchor tumor cells to the
ECM [180]. Knockdown of the intermediate-conductance K¢, channel Kc,3.1 by short-
hairpin-RNA abolishes chemokine-dependent cell migration in both primary GBM cells
and glioblastoma cell lines [181]. Apamin, a selective inhibitor of small-conductance K¢,
channels [182], emerges as a candidate of particular interest for controlling GBM motility
given its ability to cross the blood-brain barrier [183]. Apamin does not appear to have
been tested previously in GBM (pubmed.ncbi.nlm.nih.gov); (accessed on 20 January 2023),
but shows promise in recent work (Varricchio et al., 2023, MS in review). Observations
of the inhibitory effects of nifedipine and apamin on motility in a variety of other tumor
types [184-186] have set a useful precedent for the idea that K* and Ca?" ion channel
modulators might also be useful for controlling motility in GBM.

4.2. Roles for Acid-Sensing Ion Channels and Volume-Regulated Anion Channels in GBM

Recent work has suggested that acid-sensing ion channels (ASICS) and volume-
regulated anion channels (VRACs) contribute to the growth and motility of GBM. This
is not surprising given that: (i) an acidic tumor microenvironment (pH 5.6 to 6.8) is a
hallmark of malignant tumors cells such as GBM [187]; and (ii) GBM cells tightly regulate
their volume to adapt to the spatial constraints imposed by the narrow extracellular spaces
of the brain [93]. In GBM cell lines A172 and U87-MG, weakly acidic conditions emulating
a tumor microenvironment promoted migration and invasion by up to 67%. This effect was
attributed to the activation of ASIC1, based on results showing that the selective ASIC1 in-
hibitor psalmotoxin abolished glioma cell migration within cell monolayers and prevented
GBM cell invasion through an ECM-like membrane [188]. Similarly, decreased ASIC1
protein expression in ASIC1-siRNA-treated U87-MG cells was associated with reduced mi-
gration in weakly acidic conditions without impairing proliferation [188]. Further studies
with patient-derived glioma cells using similar techniques could assist in delineating the
role of ASIC1 as a therapeutic target across multiple classes of glioblastomas.

Ubiquitously expressed VRACs have been implicated in tumor cell proliferation,
migration and apoptosis [189]. VRACs are heteromeric channels comprising leucine-rich-
repeat-containing protein 8A (LRRC8A) with at least one other LRRCS isoform [190-192],
and are activated by extracellular hypertonicity. VRACs mediate the permeation of chloride
and, in some cases, organic anionic osmolytes, altering osmotic gradients to drive water
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flux and regulating cell volume [191,193]. Interestingly, VRACs in chronic myelogenous
leukemia cells have been found to serve more than one role, mediating the uptake of
cisplatin as well as facilitating apoptosis [194]. The role of VRAC channels in GBM is
less clear. A study on GBM cell lines U87-MG and U251-MG found a block of swelling-
activated CI” channels with DCPIB suppressed migration and invasion [195]. In contrast,
subsequent work reported that neither DCPIB nor the siRNA-mediated knockdown of
LRRCB8A affected migration in U87-MG or U251-MG [196]. Defining variables that might
influence the levels of VRAC contributions to the migration and invasion of GBM tumor
cells awaits further investigation. Collectively, these findings suggest that ASICs and
VRACs merit consideration as therapeutic targets for the treatment of GBM, though details
remain to be confirmed and demonstration of translational value in vivo for these and
other ion channels remains a gap in knowledge.

5. Ligand-Gated Channels as Pharmacological Targets in GBM Cancer Progression

Signal transduction from chemical (neurotransmitter) to electrical (voltage) is accom-
plished by channel-mediated ion fluxes generating postsynaptic potentials [197]. One of
the major superfamilies of ionotropic receptors features pentameric assemblies of subunits
around a central ion pore. This pentameric superfamily includes nicotinic acetylcholine
receptors, y-aminobutyric acid (GABA) receptors, glycine receptors, serotonin receptors
and others. Neuronal nicotinic acetylcholine and GABA 4 receptors have been identified
in GBM cells [198,199]. In glioblastoma cell lines, the activation of neuronal nicotinic
acetylcholine receptors (nAChRs), cation-selective channels which mediate fast neurotrans-
mission [200,201], has been associated with increased invasion [202].

In addition to L-type Cay channels, Ky channels and K¢, channels, AMPA /kainate
receptors and GABA 4 receptors have been implicated in mechanisms of cellular motility.
Table 3 summarizes effects on tumor cell invasion and migration in vitro with pharmaco-
logical inhibitors of some of the ion channels known to be upregulated in GBM, including
AMPA /kainate receptors, GABA receptors and K* and Ca?* channels.

Table 3. Effects of selective ion channel inhibition on cellular motility in in vitro cancer models.

Protein (Gene)
of Interest

Pharmacological or Genetic Inhibitor Effect(s)

GIuR-2 (GRIA2)

Cyanquixaline (CNQX)
_ N

0N Z
AMPA /kainite receptor Decreased invasion-promoting
.0 neuron-glioma synaptic signaling [165].
0 N N7
H |
Q

L-type voltage-gated

Ca?* channels

Cay1.1 (CACNAIC)

Nifedipine

Suppressed invasion and migration of
tumor cells sourced from primary
colorectal cancer specimens [184].

Voltage-gated
K* channel

Ky1.1 (KCNAT)

4-aminopyridine (4-AP)

= N Orthotopic xenograft mouse models of
| pediatric GBM [166]
N
H,N
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Table 3. Cont.
Protein (Gene) Pharmacological or Genetic Inhibitor Effect(s)
of Interest
Apamin
[¢] [0} /'H\
”W )>” \N\Q& Inhibited invasion in breast cancer
™ ,/ SHOH i i - -
Small-conductance Ca2*-activated K* o ) carcinoma cell lines MDA-MB-435s cells
N Tt ™ b and MCF-7 [185].
channels e G IA™ I\ 4 Decreased migration in:
Ecai; ((Iligﬁ\\]]i\]]?z,)) ) i NHW OXN/\:H’ N/%P " MDA-MB-435s cells expressing Kc,2.2-
Cas w6 or Kc,2.3 [203,204].
" So R Melanoma cell lines Bris and 518A2 [186].
</N\: ‘]/\j:NH \f: HN
GABA| receptors microRNA Inhibited migration and invasion in GBM
(GABRA1) miR-139-5p cell lines U87-MG and U251-MG [205].

Patterns of upregulated expression in ionotropic glutamate receptors in GBM are
a focus of keen interest for understanding the mechanisms of cancer progression [178].
The glutamate receptor family built as tetramers includes subtypes classified as NMDA
(N-methyl-D-aspartate) and non-NMDA, subdivided into AMPA (x-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid) and kainate [206,207] depending on the preferred
activating ligands [208,209]. AMPA /kainate receptors are inherently permeable to Na* and
K*; an additional permeability to Ca®* is present in AMPA receptors which lack the GluA2
subunit [210]. In GBM, increasing the expression of the GluR2 by adenoviral transfection
converted AMPA receptors to a Ca?*-impermeable phenotype and resulted in increased
apoptosis and reduced migration, showing that Ca?* influx through glutamate receptors is
important for the glutamate-induced stimulation of motility [174].

In GBM cells xenografted into mouse hippocampuses, voltage-clamp recordings re-
vealed stimulation-evoked fast inward currents consistent with excitatory postsynaptic
currents, without the fast large-amplitude currents which drive action potentials. These
results supported the conclusion that bona fide synapses form between presynaptic neurons
and postsynaptic subpopulations of GBM cells, and that synaptic responses in the glioma
cells are dependent on neuronal firing patterns [211]. Neuronal activity directly regulated
glioma membrane potential via neuron-to-glioma synaptic transmission involving gluta-
mate receptors, creating depolarization responses in turn linked to glioma proliferation
and invasion in vivo [211]. Excitatory postsynaptic responses measured in a subpopulation
of glioma cells by voltage clamp were shown to be mediated by postsynaptic AMPA re-
ceptors, in response to glutamate presynaptically released from electrically active neurons.
A subset of glioma cells with prolonged currents not matched temporally with neuronal
synaptic transmission were nonetheless found to be sensitive to the action potential blocker
tetrodotoxin, suggesting that responses in these glioma cells were aligned with slower
astrocyte responses to neuronal activity [211], reflecting glial glutamate transporters and
inward rectifiers used for removing excess extracellular potassium and glutamate released
from neurons during rapid firing [212]. The ability of GBM cells to acquire postsynaptic ele-
ments of neurotransmission provides an intriguing insight into the role of the surrounding
neuronal network in governing and enabling cancer progression.

6. Synopsis of Candidate Signaling Pathways in GBM

Regulation of cell membrane potential involves a dynamic balance of ion channels,
transporters, ionotropic receptors for the control of signaling pathways [213], illustrated in
Figure 3.
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Figure 3. Multiple classes of channels and receptors are expressed in GBM cells; a subset are shown
here for illustration. AMPA /kainate-and NMDA-type glutamate receptors carry net inward Na*
currents, and a subset also facilitates Ca?* influx. Nicotinic ACh receptors (NAChR) induce depolar-
izing Na* (and subtype-dependent Ca?*) influxes. ASICs open in response to acidic extracellular
conditions, allowing Na* influx. Intracellular Ca®* activates Kc, channels, driving repolarization.
Inhibitory GABA 4 receptors enable a hyperpolarising net influx of C1~. Kj, channels to maintain the
negative resting membrane potential.

Membrane potential can affect multiple aspects of cancer cell motility, in part by
regulating Ca* channel activity and shifting the the driving force for Ca* entry [214,215]
in a dynamic process. A more negative membrane potential will increase Ca?* influx, if
channels are open. Membrane depolarization events enable Cay channel activation, but
prolonged depolarizations cause inactivation [215]. During cell migration, fluctuations in
Ca?* concentration regulate tractional forces, directional sensing, cytoskeleton reorgani-
zation, and more [14,216]. Beyond the well-defined action potential which serves as the
classic signaling event in excitable cells, the baseline membrane potential is a key biophys-
ical regulator in all cells for proliferation, differentiation, cell-volume control and other
processes [217,218].

Hundreds of ion channels encoded in the mammalian genome are specialized into
multiple isoforms that cover a broad spectrum of properties, allowing the tailoring of
channel subtypes into precise physiological roles meeting cell-specific needs, and thus
prompting keen interest in this class of proteins as drug targets. The expression of excitatory
ion channels such as ASICs, nAChRs and GluRs in GBM cells appears to exacerbate GBM
invasiveness; however, overdriving the membrane depolarization phase is deleterious to
GBM (as it is in other cells), as was shown using pharmacological blockers of K¢, channels,
which induced cell death in glioma-initiating cells and improved the survival of mice in
an orthotopic model of human GBM [219]. Handicapping K¢, channels and GABAARs
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to interfere with repolarization [220-222] would be an intriguing area to explore in future
work, identifying more targets for candidate GBM therapies.

Other membrane channels in GBM also contribute to signals controlling migration
(Figure 3). ASICs allow Na* permeation, generating depolarizing inward currents in
response to external acidification [223,224]. Acetylcholine binding to nAChRs at the inter-
face of adjacent subunits induces conformational changes which open the pore to permit
cation permeation, predominantly Na* entry (with subtype-specific permeation by Ca?*)
to evoke depolarization [201]. Similarly glutamate binding to AMPA /kainate receptors
enables cation currents, with predominantly Na* influx (and subtype-specific Ca?*) driving
depolarization. Activation of Cay channels by depolarization, or action of Ca?* entry
through permeable ligand-gated receptors, in turn can activate K¢, channels in a negative
feedback loop that repolarizes the membrane [222]. Inward rectifier Kj, channels assist in
maintaining a negative resting membrane potential by holding the membrane potential
closer to the equilibrium potential for K* [225]. Mechanisms for both depolarization and
repolarization are necessary for cancer progression.

GABA  receptors are inhibitory, featuring a central pore permeable to CI~ and other
anions such as HCO3; ™ [226,227], which in response to agonist binding can facilitate net
anion influx and hyperpolarization [220,221]. Glioma cells upregulate GABA 5 receptor
expression in vitro and in vivo following contact with neurons; the activation of GABA o
receptors inhibits proliferation in glioma [228]. An interesting avenue to be explored would
be testing effects of GABA agonists and antagonists on GBM invasiveness.

Simultaneous pharmacological blocks of aquaporin and AMPA /kainate receptors
could present a powerful approach for slowing invasive cell spread, based on recent find-
ings in GBM cell lines (Varricchio et al., 2022, in review) showing the augmented effects of
AMPA /kainate channel inhibitors when combined with AqB013, a bumetanide derivative
which blocks water passage through AQP1 and AQP4 [229]. The mechanisms by which
aquaporins and ion channels regulate cellular motility in cancers warrant investigation
in the identification of pharmacological blockers and the design of novel glioblastoma
treatments directed towards halting invasion, but are likely to require targeting more than
one signaling pathway to realize clinically relevant outcomes.

7. Conclusions

Clusters of membrane signaling proteins including aquaporins and ion channels are
upregulated in GBM, and here are proposed as attractive targets for novel methods to
reduce glioblastoma motility, aimed at confining GBM tumors to primary sites of origin.
Pending the development of a complete pharmacological portfolio for all the candidate
channel classes, testing combined inhibitors of aquaporins and ion channels could aid
in narrowing the effects of treatments to be specific to GBM. Transcriptomic analyses of
GBM patient biopsies have shown that the prognostic impacts associated with levels of
expression are stronger for sets of channel genes than for individual genes alone [178]. This
observation highlights the concept that cellular signaling is carried out by sets of proteins
with partially overlapping functional properties, providing a level of redundancy that
enables compensatory responses.

The pharmacological inhibition of aquaporin and ion channel classes has been used to
reduce tumor cell motility in other cancer types, but needs to be tested in GBM and extended
into in vivo models to address potential translational benefits. Optimal combinations
of pharmacological agents which synergistically act to halt glioblastoma motility with
minimal cytotoxic side-effects could offer new promise for designing low dose therapies that
effectively limit glioblastoma invasion, ideally without disrupting normal neural networks.
Novel combinations of inhibitors used as adjunct therapies could aid success by extending
the durations of effective windows for the administration of front line clinical treatments.



Cancers 2023, 15, 849 15 of 23

Author Contributions: Conceptualization, A.V. and A.].Y.; formal analysis, A.V.; data curation, A.V,;
writing—original draft preparation, A.V.; wsriting—review and editing, A.J.Y.; project administration,
AJ.Y.; funding acquisition, A.J.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the AUSTRALIAN RESEARCH COUNCIL, grant number
19ARC_DP190101745, and by a University of Adelaide Research Training Scholarship to A.V.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Engelhard, H.H.; Villano, J.L.; Porter, K.R.; Stewart, A.K.; Barua, M.; Barker, EG.; Newton, H.B. Clinical presentation, histology,
and treatment in 430 patients with primary tumors of the spinal cord, spinal meninges, or cauda equina. J. Neurosurg. Spine 2010,
13, 67-77. [CrossRef] [PubMed]

IJzerman-Korevaar, M.; Snijders, T.J.; de Graeff, A.; Teunissen, S.; de Vos, EY.F. Prevalence of symptoms in glioma patients
throughout the disease trajectory: A systematic review. J. Neurooncol. 2018, 140, 485-496. [CrossRef] [PubMed]

Stupp, R.; Mason, W.P; Van Den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,
U. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. New Engl. J. Med. 2005, 352, 987-996. [CrossRef]
Chaffer, C.L.; Weinberg, R.A. A perspective on cancer cell metastasis. Science 2011, 331, 1559-1564. [CrossRef]

Gupta, G.P,; Massague, J. Cancer metastasis: Building a framework. Cell 2006, 127, 679-695. [CrossRef]

Papadopoulos, M.C.; Saadoun, S.; Verkman, A.S. Aquaporins and cell migration. Pfliigers Arch. Eur. ]. Physiol. 2008, 456, 693-700.
[CrossRef]

Stroka, K.M.; Jiang, H.; Chen, S.H.; Tong, Z.; Wirtz, D.; Sun, S.X.; Konstantopoulos, K. Water permeation drives tumor cell
migration in confined microenvironments. Cell 2014, 157, 611-623. [CrossRef]

Cramer, L.P; Siebert, M.; Mitchison, T.J. Identification of novel graded polarity actin filament bundles in locomoting heart
fibroblasts: Implications for the generation of motile force. J. Cell Biol. 1997, 136, 1287-1305. [CrossRef]

Mattila, PK.; Lappalainen, P. Filopodia: Molecular architecture and cellular functions. Nat. Rev. Mol. Cell Biol. 2008, 9, 446—454.
[CrossRef]

Pollard, T.D.; Borisy, G.G. Cellular motility driven by assembly and disassembly of actin filaments. Cell 2003, 112, 453-465.
[CrossRef] [PubMed]

Schwab, A.; Nechyporuk-Zloy, V.; Fabian, A.; Stock, C. Cells move when ions and water flow. Pfliigers Arch. Eur. J. Physiol. 2007,
453, 421-432. [CrossRef] [PubMed]

Weaver, A.M. Invadopodia: Specialized cell structures for cancer invasion. Clin. Exp. Metastasis 2006, 23, 97-105. [CrossRef]
[PubMed]

Ridley, A.]J.; Schwartz, M.A.; Burridge, K.; Firtel, R.A.; Ginsberg, M.H.; Borisy, G.; Parsons, ].T.; Horwitz, A.R. Cell migration:
Integrating signals from front to back. Science 2003, 302, 1704-1709. [CrossRef] [PubMed]

Vicente-Manzanares, M.; Horwitz, A.R. Cell migration: An overview. Methods Mol. Biol. 2011, 769, 1-24. [CrossRef]

Geiger, B.; Bershadsky, A.; Pankov, R.; Yamada, K.M. Transmembrane crosstalk between the extracellular matrix and the
cytoskeleton. Nat. Rev. Mol. Cell Biol. 2001, 2, 793-805. [CrossRef]

Martin, K.H.; Slack, ] K.; Boerner, S.A.; Martin, C.C.; Parsons, J.T. Integrin connections map: To infinity and beyond. Science 2002,
296, 1652-1653. [CrossRef]

Ding, T.; Ma, Y,; Li, W,; Liu, X,; Ying, G.; Fu, L.; Gu, F. Role of aquaporin-4 in the regulation of migration and invasion of human
glioma cells. Int. |. Oncol. 2011, 38, 1521-1531. [CrossRef]

McCoy, E.S.; Haas, B.R.; Sontheimer, H. Water permeability through aquaporin-4 is regulated by protein kinase C and becomes
rate-limiting for glioma invasion. Neuroscience 2010, 168, 971-981. [CrossRef]

McFerrin, M.B.; Sontheimer, H. A role for ion channels in glioma cell invasion. Neuron Glia Biol. 2006, 2, 39-49. [CrossRef]
Saadoun, S.; Papadopoulos, M.C.; Davies, D.C.; Krishna, S.; Bell, B.A. Aquaporin-4 expression is increased in oedematous human
brain tumours. J. Neurol. Neurosurg. Psychiatry 2002, 72, 262-265. [CrossRef] [PubMed]

Hoque, M.O.; Soria, ].C.; Woo, J.; Lee, T.; Lee, ].; Jang, S.J.; Upadhyay, S.; Trink, B.; Monitto, C.; Desmaze, C.; et al. Aquaporin 1 is
overexpressed in lung cancer and stimulates NIH-3T3 cell proliferation and anchorage-independent growth. Am. J. Pathol. 2006,
168, 1345-1353. [CrossRef] [PubMed]

Moon, C.; Soria, J.C.; Jang, S.J.; Lee, J.; Obaidul Hoque, M.; Sibony, M.; Trink, B.; Chang, Y.S.; Sidransky, D.; Mao, L. Involvement
of aquaporins in colorectal carcinogenesis. Oncogene 2003, 22, 6699-6703. [CrossRef] [PubMed]

Vacca, A.; Frigeri, A ; Ribatti, D.; Nicchia, G.P; Nico, B.; Ria, R.; Svelto, M.; Dammacco, F. Microvessel overexpression of aquaporin
1 parallels bone marrow angiogenesis in patients with active multiple myeloma. Br. |. Haematol. 2001, 113, 415-421. [CrossRef]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.3171/2010.3.SPINE09430
http://www.ncbi.nlm.nih.gov/pubmed/20594020
http://doi.org/10.1007/s11060-018-03015-9
http://www.ncbi.nlm.nih.gov/pubmed/30377935
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1126/science.1203543
http://doi.org/10.1016/j.cell.2006.11.001
http://doi.org/10.1007/s00424-007-0357-5
http://doi.org/10.1016/j.cell.2014.02.052
http://doi.org/10.1083/jcb.136.6.1287
http://doi.org/10.1038/nrm2406
http://doi.org/10.1016/S0092-8674(03)00120-X
http://www.ncbi.nlm.nih.gov/pubmed/12600310
http://doi.org/10.1007/s00424-006-0138-6
http://www.ncbi.nlm.nih.gov/pubmed/17021798
http://doi.org/10.1007/s10585-006-9014-1
http://www.ncbi.nlm.nih.gov/pubmed/16830222
http://doi.org/10.1126/science.1092053
http://www.ncbi.nlm.nih.gov/pubmed/14657486
http://doi.org/10.1007/978-1-61779-207-6_1
http://doi.org/10.1038/35099066
http://doi.org/10.1126/science.296.5573.1652
http://doi.org/10.3892/ijo.2011.983
http://doi.org/10.1016/j.neuroscience.2009.09.020
http://doi.org/10.1017/S1740925X06000044
http://doi.org/10.1136/jnnp.72.2.262
http://www.ncbi.nlm.nih.gov/pubmed/11796780
http://doi.org/10.2353/ajpath.2006.050596
http://www.ncbi.nlm.nih.gov/pubmed/16565507
http://doi.org/10.1038/sj.onc.1206762
http://www.ncbi.nlm.nih.gov/pubmed/14555983
http://doi.org/10.1046/j.1365-2141.2001.02738.x

Cancers 2023, 15, 849 16 of 23

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Zou, L.B.; Zhang, R].; Tan, Y.J.; Ding, G.L.; Shi, S.; Zhang, D.; He, R H.; Liu, A.X,; Wang, T.T.; Leung, P.C.; et al. Identification
of estrogen response element in the aquaporin-2 gene that mediates estrogen-induced cell migration and invasion in human
endometrial carcinoma. J. Clin. Endocrinol. Metab. 2011, 96, E1399-E1408. [CrossRef]

Liu, Y.L.; Matsuzaki, T.; Nakazawa, T.; Murata, S.; Nakamura, N.; Kondo, T.; Iwashina, M.; Mochizuki, K.; Yamane, T.; Takata,
K.; et al. Expression of aquaporin 3 (AQP3) in normal and neoplastic lung tissues. Hum. Pathol. 2007, 38, 171-178. [CrossRef]
[PubMed]

Shen, L.; Zhu, Z.; Huang, Y.; Shu, Y;; Sun, M.; Xu, H.; Zhang, G.; Guo, R.; Wei, W.; Wu, W. Expression profile of multiple
aquaporins in human gastric carcinoma and its clinical significance. Biomed. Pharmacother. 2010, 64, 313-318. [CrossRef]
Direito, I.; Paulino, J.; Vigia, E.; Brito, M.A.; Soveral, G. Differential expression of aquaporin-3 and aquaporin-5 in pancreatic
ductal adenocarcinoma. . Surg. Oncol. 2017, 115, 980-996. [CrossRef] [PubMed]

Guo, X.; Sun, T,; Yang, M,; Li, Z.; Li, Z.; Gao, Y. Prognostic value of combined aquaporin 3 and aquaporin 5 overexpression in
hepatocellular carcinoma. BioMed Res. Int. 2013, 2013, 206525. [CrossRef]

Ji, C; Cao, C; Lu, S.; Kivlin, R.; Amaral, A.; Kouttab, N.; Yang, H.; Chu, W.; Bi, Z; Di, W.; et al. Curcumin attenuates EGF-induced
AQP3 up-regulation and cell migration in human ovarian cancer cells. Cancer Chemother Pharm. 2008, 62, 857-865. [CrossRef]
Mobasheri, A.; Barrett-Jolley, R. Aquaporin water channels in the mammary gland: From physiology to pathophysiology and
neoplasia. . Mammary Gland. Biol. Neoplasia 2014, 19, 91-102. [CrossRef] [PubMed]

Li, J.; Wang, Z.; Chong, T.; Chen, H.; Li, H.; Li, G.; Zhai, X.; Li, Y. Over-expression of a poor prognostic marker in prostate cancer:
AQP5 promotes cells growth and local invasion. World J. Surg. Oncol. 2014, 12, 284. [CrossRef] [PubMed]

Chae, Y.K.; Woo, J.; Kim, M.].; Kang, SK.; Kim, M.S;; Lee, J.; Lee, S.K.; Gong, G.; Kim, Y.H.; Soria, J.C.; et al. Expression of
Aquaporin 5 (AQP5) Promotes Tumor Invasion in Human Non Small Cell Lung Cancer. PLoS ONE 2008, 3, e2162. [CrossRef]
Wang, J.; Feng, L.; Zhu, Z.; Zheng, M.; Wang, D.; Chen, Z.; Sun, H. Aquaporins as diagnostic and therapeutic targets in cancer:
How far we are? J. Transl. Med. 2015, 13, 96. [CrossRef] [PubMed]

Chang, H.; Shi, YH.; Talaf, TK; Lin, C. Aquaporin-8 mediates human esophageal cancer Eca-109 cell migration via the EGFR-
Erkl1/2 pathway. Int. J. Clin. Exp. Pathol. 2014, 7, 7663-7671.

Vieceli Dalla Sega, F.; Zambonin, L.; Fiorentini, D.; Rizzo, B.; Caliceti, C.; Landi, L.; Hrelia, S.; Prata, C. Specific aquaporins
facilitate Nox-produced hydrogen peroxide transport through plasma membrane in leukaemia cells. Biochim. Biophys Acta 2014,
1843, 806-814. [CrossRef]

Chang, H.; Shi, Y,; Tuokan, T.; Chen, R.; Wang, X. Expression of aquaporin 8 and phosphorylation of Erk1/2 in cervical epithelial
carcinogenesis: Correlation with clinicopathological parameters. Int. J. Clin. Exp. Pathol. 2014, 7, 3928-3937.

Fossdal, G.; Vik-Mo, E.O.; Sandberg, C.; Varghese, M.; Kaarbo, M.; Telmo, E.; Langmoen, I.A.; Murrell, W. Aqp 9 and brain
tumour stem cells. Sci. World ]. 2012, 2012, 915176. [CrossRef]

Tan, G.; Sun, S.Q.; Yuan, D.L. Expression of the water channel protein aquaporin-9 in human astrocytic tumours: Correlation with
pathological grade. J. Int. Med. Res. 2008, 36, 777-782. [CrossRef]

Chen, Q.; Zhu, L.; Zheng, B.; Wang, J.; Song, X.; Zheng, W.; Wang, L.; Yang, D.; Wang, J. Effect of AQP9 Expression in
Androgen-Independent Prostate Cancer Cell PC3. Int. J. Mol. Sci. 2016, 17, 738. [CrossRef]

Thapa, S.; Chetry, M.; Huang, K; Peng, Y.; Wang, J.; Wang, J.; Zhou, Y.; Shen, Y.; Xue, Y,; Ji, K. Significance of aquaporins’
expression in the prognosis of gastric cancer. Biosci. Rep. 2018, 38, 1687. [CrossRef] [PubMed]

Finn, R.N.; Cerda, J. Evolution and functional diversity of aquaporins. Biol. Bull. 2015, 229, 6-23. [CrossRef] [PubMed]

Finn, R.N.; Chauvigne, F; Hlidberg, J.B.; Cutler, C.P,; Cerda, J. The lineage-specific evolution of aquaporin gene clusters facilitated
tetrapod terrestrial adaptation. PLoS ONE 2014, 9, e113686. [CrossRef] [PubMed]

Ishibashi, K.; Hara, S.; Kondo, S. Aquaporin water channels in mammals. Clin. Exp. Nephrol. 2009, 13, 107-117. [CrossRef]
[PubMed]

Li, C.; Wang, W. Molecular Biology of Aquaporins. Adv. Exp. Med. Biol. 2017, 969, 1-34. [CrossRef]

Carbrey, ] M.; Gorelick-Feldman, D.A.; Kozono, D.; Praetorius, J.; Nielsen, S.; Agre, P. Aquaglyceroporin AQP9: Solute permeation
and metabolic control of expression in liver. Proc. Natl. Acad. Sci. USA 2003, 100, 2945-2950. [CrossRef]

Hara, M.; Verkman, A.S. Glycerol replacement corrects defective skin hydration, elasticity, and barrier function in aquaporin-3-
deficient mice. Proc. Natl. Acad. Sci. USA 2003, 100, 7360-7365. [CrossRef]

Hibuse, T.; Maeda, N.; Nakatsuji, H.; Tochino, Y.; Fujita, K.; Kihara, S.; Funahashi, T.; Shimomura, I. The heart requires glycerol as
an energy substrate through aquaporin 7, a glycerol facilitator. Cardiovasc. Res. 2009, 83, 34—41. [CrossRef]

Koyama, N.; Ishibashi, K.; Kuwahara, M.; Inase, N.; Ichioka, M.; Sasaki, S.; Marumo, F. Cloning and functional expression of
human aquaporin8 cDNA and analysis of its gene. Genomics 1998, 54, 169-172. [CrossRef]

Laforenza, U.; Scaffino, M.F.; Gastaldi, G. Aquaporin-10 represents an alternative pathway for glycerol efflux from human
adipocytes. PLoS ONE 2013, 8, e54474. [CrossRef]

Madeira, A.; Moura, T.F; Soveral, G. Aquaglyceroporins: Implications in adipose biology and obesity. Cell Mol. Life Sci. 2015, 72,
759-771. [CrossRef] [PubMed]

Manley, G.T.; Fujimura, M.; Ma, T.; Noshita, N.; Filiz, E;; Bollen, A.W.; Chan, P.; Verkman, A.S. Aquaporin-4 deletion in mice
reduces brain edema after acute water intoxication and ischemic stroke. Nat. Med. 2000, 6, 159-163. [CrossRef] [PubMed]


http://doi.org/10.1210/jc.2011-0426
http://doi.org/10.1016/j.humpath.2006.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17056099
http://doi.org/10.1016/j.biopha.2009.12.003
http://doi.org/10.1002/jso.24605
http://www.ncbi.nlm.nih.gov/pubmed/28471475
http://doi.org/10.1155/2013/206525
http://doi.org/10.1007/s00280-007-0674-6
http://doi.org/10.1007/s10911-013-9312-6
http://www.ncbi.nlm.nih.gov/pubmed/24338153
http://doi.org/10.1186/1477-7819-12-284
http://www.ncbi.nlm.nih.gov/pubmed/25217331
http://doi.org/10.1371/annotation/9ae0d68c-71ee-46af-b157-07c34a89bc1f
http://doi.org/10.1186/s12967-015-0439-7
http://www.ncbi.nlm.nih.gov/pubmed/25886458
http://doi.org/10.1016/j.bbamcr.2014.01.011
http://doi.org/10.1100/2012/915176
http://doi.org/10.1177/147323000803600420
http://doi.org/10.3390/ijms17050738
http://doi.org/10.1042/BSR20171687
http://www.ncbi.nlm.nih.gov/pubmed/29678898
http://doi.org/10.1086/BBLv229n1p6
http://www.ncbi.nlm.nih.gov/pubmed/26338866
http://doi.org/10.1371/journal.pone.0113686
http://www.ncbi.nlm.nih.gov/pubmed/25426855
http://doi.org/10.1007/s10157-008-0118-6
http://www.ncbi.nlm.nih.gov/pubmed/19085041
http://doi.org/10.1007/978-94-024-1057-0_1
http://doi.org/10.1073/pnas.0437994100
http://doi.org/10.1073/pnas.1230416100
http://doi.org/10.1093/cvr/cvp095
http://doi.org/10.1006/geno.1998.5552
http://doi.org/10.1371/journal.pone.0054474
http://doi.org/10.1007/s00018-014-1773-2
http://www.ncbi.nlm.nih.gov/pubmed/25359234
http://doi.org/10.1038/72256
http://www.ncbi.nlm.nih.gov/pubmed/10655103

Cancers 2023, 15, 849 17 of 23

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Nielsen, S.; Nagelhus, E.A.; Amiry-Moghaddam, M.; Bourque, C.; Agre, P; Ottersen, O.P. Specialized membrane domains for
water transport in glial cells: High-resolution immunogold cytochemistry of aquaporin-4 in rat brain. J. Neurosci. 1997, 17,
171-180. [CrossRef] [PubMed]

Palanivelu, D.V.; Kozono, D.E; Engel, A ; Suda, K,; Lustig, A.; Agre, P.; Schirmer, T. Co-axial association of recombinant eye lens
aquaporin-0 observed in loosely packed 3D crystals. J. Mol. Biol. 2006, 355, 605-611. [CrossRef] [PubMed]

Sidhaye, V.K,; Chau, E.; Srivastava, V,; Sirimalle, S.; Balabhadrapatruni, C.; Aggarwal, N.R.; D' Alessio, FR.; Robinson, D.N; King,
L.S. A novel role for aquaporin-5 in enhancing microtubule organization and stability. PLoS ONE 2012, 7, e38717. [CrossRef]
[PubMed]

Takata, K.; Matsuzaki, T.; Tajika, Y. Aquaporins: Water channel proteins of the cell membrane. Prog. Histochem. Cytochem. 2004, 39,
1-83. [CrossRef]

Yasui, M.; Hazama, A.; Kwon, T.H.; Nielsen, S.; Guggino, W.B.; Agre, P. Rapid gating and anion permeability of an intracellular
aquaporin. Nature 1999, 402, 184-187. [CrossRef]

Herrera, M.; Garvin, ].L. Aquaporins as gas channels. Pfliigers Arch. Eur. . Physiol. 2011, 462, 623—630. [CrossRef]

Ma, T; Yang, B.; Verkman, A.S. Cloning of a novel water and urea-permeable aquaporin from mouse expressed strongly in colon,
placenta, liver, and heart. Biochem. Biophys Res. Commun. 1997, 240, 324-328. [CrossRef] [PubMed]

Nakhoul, N.L.; Hering-Smith, K.S.; Abdulnour-Nakhoul, S.M.; Hamm, L.L. Transport of NH(3)/NH in oocytes expressing
aquaporin-1. Am. J. Physiol. Renal. Physiol. 2001, 281, F255-F263. [CrossRef]

Almasalmeh, A.; Krenc, D.; Wu, B.; Beitz, E. Structural determinants of the hydrogen peroxide permeability of aquaporins. FEBS
J. 2014, 281, 647-656. [CrossRef] [PubMed]

Bienert, G.P,; Moller, A.L.; Kristiansen, K.A.; Schulz, A.; Moller, LM.; Schjoerring, J.K.; Jahn, T.P. Specific aquaporins facilitate the
diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 2007, 282, 1183-1192. [CrossRef] [PubMed]

Rodrigues, C.; Mésca, A.F,; Martins, A.P; Nobre, T.; Prista, C.; Antunes, F; Cipak Gasparovic, A.; Soveral, G. Rat Aquaporin-5 Is
pH-Gated Induced by Phosphorylation and Is Implicated in Oxidative Stress. Int. ]. Mol. Sci. 2016, 17, 2090. [CrossRef] [PubMed]
Anthony, T.L.; Brooks, H.L.; Boassa, D.; Leonov, S.; Yanochko, G.M.; Regan, ].W.; Yool, A.J. Cloned human aquaporin-1 is a cyclic
GMP-gated ion channel. Mol. Pharmacol. 2000, 57, 576-588. [CrossRef] [PubMed]

Yu, J.; Yool, AJ.; Schulten, K.; Tajkhorshid, E. Mechanism of gating and ion conductivity of a possible tetrameric pore in
aquaporin-1. Structure 2006, 14, 1411-1423. [CrossRef]

Ishibashi, K.; Kuwahara, M.; Gu, Y.; Kageyama, Y.; Tohsaka, A.; Suzuki, F.; Marumo, F,; Sasaki, S. Cloning and functional
expression of a new water channel abundantly expressed in the testis permeable to water, glycerol, and urea. . Biol. Chem. 1997,
272,20782-20786. [CrossRef]

Ishibashi, K.; Kuwahara, M.; Gu, Y.; Tanaka, Y.; Marumo, F,; Sasaki, S. Cloning and functional expression of a new aquaporin
(AQP9) abundantly expressed in the peripheral leukocytes permeable to water and urea, but not to glycerol. Biochem. Biophys.
Res. Commun. 1998, 244, 268-274. [CrossRef]

Liu, J.F; Crepin, M.; Liu, ].M.; Barritault, D.; Ledoux, D. FGF-2 and TPA induce matrix metalloproteinase-9 secretion in MCF-7
cells through PKC activation of the Ras/ERK pathway. Biochem. Biophys. Res. Commun. 2002, 293, 1174-1182. [CrossRef]

Miller, E.W.; Dickinson, B.C.; Chang, C.J. Aquaporin-3 mediates hydrogen peroxide uptake to regulate downstream intracellular
signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 15681-15686. [CrossRef]

Watanabe, S.; Moniaga, C.S.; Nielsen, S.; Hara-Chikuma, M. Aquaporin-9 facilitates membrane transport of hydrogen peroxide in
mammalian cells. Biochem. Biophys. Res. Commun. 2016, 471, 191-197. [CrossRef]

Yang, B.; Verkman, A.S. Water and glycerol permeabilities of aquaporins 1-5 and MIP determined quantitatively by expression of
epitope-tagged constructs in Xenopus oocytes. J. Biol. Chem. 1997, 272, 16140-16146. [CrossRef]

Bjorkskov, F.B.; Krabbe, S.L.; Nurup, C.N.; Missel, ].W.; Spulber, M.; Bomholt, J.; Molbaek, K.; Helix-Nielsen, C.; Gotfryd, K;
Gourdon, P, et al. Purification and functional comparison of nine human Aquaporins produced in Saccharomyces cerevisiae for
the purpose of biophysical characterization. Sci. Rep. 2017, 7, 16899. [CrossRef]

Yakata, K.; Tani, K.; Fujiyoshi, Y. Water permeability and characterization of aquaporin-11. J. Struct. Biol. 2011, 174, 315-320.
[CrossRef]

Crane, ].M.,; Verkman, A.S. Determinants of aquaporin-4 assembly in orthogonal arrays revealed by live-cell single-molecule
fluorescence imaging. J. Cell Sci. 2009, 122, 813-821. [CrossRef] [PubMed]

Rash, J.E.; Yasumura, T.; Hudson, C.S.; Agre, P.; Nielsen, S. Direct immunogold labeling of aquaporin-4 in square arrays of
astrocyte and ependymocyte plasma membranes in rat brain and spinal cord. Proc. Natl. Acad. Sci. USA 1998, 95, 11981-11986.
[CrossRef]

Varricchio, A.; Ramesh, S.A.; Yool, A.J. Novel Ion Channel Targets and Drug Delivery Tools for Controlling Glioblastoma Cell
Invasiveness. Int. |. Mol. Sci. 2021, 22, 1909. [CrossRef] [PubMed]

Verkman, A.S.; Andersen, M.O.; Papdopoulos, M.C. Aquaporins: Important but elusive drug targets. Nat. Rev. 2014, 13, 259-277.
[CrossRef] [PubMed]

Kozono, D.; Yasui, M.; King, L.S.; Agre, P. Aquaporin water channels: Atomic structure molecular dynamics meet clinical
medicine. J. Clin. Invest. 2002, 109, 1395-1399. [CrossRef]

Sui, H.; Han, B.G; Lee, ] K.; Walian, P; Jap, B.K. Structural basis of water-specific transport through the AQP1 water channel.
Nature 2001, 414, 872-878. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.17-01-00171.1997
http://www.ncbi.nlm.nih.gov/pubmed/8987746
http://doi.org/10.1016/j.jmb.2005.10.032
http://www.ncbi.nlm.nih.gov/pubmed/16309700
http://doi.org/10.1371/journal.pone.0038717
http://www.ncbi.nlm.nih.gov/pubmed/22715407
http://doi.org/10.1016/j.proghi.2004.03.001
http://doi.org/10.1038/46045
http://doi.org/10.1007/s00424-011-1002-x
http://doi.org/10.1006/bbrc.1997.7664
http://www.ncbi.nlm.nih.gov/pubmed/9388476
http://doi.org/10.1152/ajprenal.2001.281.2.F255
http://doi.org/10.1111/febs.12653
http://www.ncbi.nlm.nih.gov/pubmed/24286224
http://doi.org/10.1074/jbc.M603761200
http://www.ncbi.nlm.nih.gov/pubmed/17105724
http://doi.org/10.3390/ijms17122090
http://www.ncbi.nlm.nih.gov/pubmed/27983600
http://doi.org/10.1124/mol.57.3.576
http://www.ncbi.nlm.nih.gov/pubmed/10692499
http://doi.org/10.1016/j.str.2006.07.006
http://doi.org/10.1074/jbc.272.33.20782
http://doi.org/10.1006/bbrc.1998.8252
http://doi.org/10.1016/S0006-291X(02)00350-9
http://doi.org/10.1073/pnas.1005776107
http://doi.org/10.1016/j.bbrc.2016.01.153
http://doi.org/10.1074/jbc.272.26.16140
http://doi.org/10.1038/s41598-017-17095-6
http://doi.org/10.1016/j.jsb.2011.01.003
http://doi.org/10.1242/jcs.042341
http://www.ncbi.nlm.nih.gov/pubmed/19240114
http://doi.org/10.1073/pnas.95.20.11981
http://doi.org/10.3390/ijms222111909
http://www.ncbi.nlm.nih.gov/pubmed/34769339
http://doi.org/10.1038/nrd4226
http://www.ncbi.nlm.nih.gov/pubmed/24625825
http://doi.org/10.1172/JCI0215851
http://doi.org/10.1038/414872a

Cancers 2023, 15, 849 18 of 23

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.
102.

103.

104.

105.

106.

107.

108.

Németh-Cahalan, K.L.; Clemens, D.M.; Hall, J.E. Regulation of AQP0 water permeability is enhanced by cooperativity. J. Gen.
Physiol. 2013, 141, 287-295. [CrossRef]

Chandy, G.; Zampighi, G.A.; Kreman, M.; Hall, ].E. Comparison of the water transporting properties of MIP and AQP1. ]. Membr.
Biol. 1997, 159, 29-39. [CrossRef] [PubMed]

Han, B.G.; Guliaev, A.B.; Walian, PJ.; Jap, B.K. Water transport in AQP0 aquaporin: Molecular dynamics studies. J. Mol. Biol.
2006, 360, 285-296. [CrossRef] [PubMed]

Harries, W.E.; Akhavan, D.; Miercke, L.J.; Khademi, S.; Stroud, R.M. The channel architecture of aquaporin 0 at a 2.2-A resolution.
Proc. Natl. Acad. Sci. USA 2004, 101, 14045-14050. [CrossRef]

Ehring, G.R; Lagos, N.; Zampighi, G.A.; Hall, ].E. Phosphorylation modulates the voltage dependence of channels reconstituted
from the major intrinsic protein of lens fiber membranes. . Membr. Biol. 1992, 126, 75-88. [CrossRef] [PubMed]

Ehring, G.R.; Zampighi, G.; Horwitz, J.; Bok, D.; Hall, J.E. Properties of channels reconstituted from the major intrinsic protein of
lens fiber membranes. J. Gen. Physiol. 1990, 96, 631-664. [CrossRef]

Zampighi, G.A.; Hall, J.E.; Kreman, M. Purified lens junctional protein forms channels in planar lipid films. Proc. Natl. Acad. Sci.
USA 1985, 82, 8468-8472. [CrossRef]

Yool, A.].; Campbell, E.M. Structure, function and translational relevance of aquaporin dual water and ion channels. Mol. Asp.
Med. 2012, 33, 553-561. [CrossRef]

Saparov, S.M.; Kozono, D.; Rothe, U.; Agre, P.; Pohl, P. Water and ion permeation of aquaporin-1 in planar lipid bilayers. Major
differences in structural determinants and stoichiometry. J. Biol. Chem. 2001, 276, 31515-31520. [CrossRef]

Yool, AJ.; Brokl, O.H.; Pannabecker, T.L.; Dantzler, W.H.; Stamer, W.D. Tetraethylammonium block of water flux in Aquaporin-1
channels expressed in kidney thin limbs of Henle’s loop and a kidney-derived cell line. BMC Physiol. 2002, 2, 4. [CrossRef]
Yool, A.J.; Morelle, J.; Cnops, Y.; Verbavatz, ] M.; Campbell, E.M.; Beckett, E.A.; Booker, G.W.; Flynn, G.; Devuyst, O. AqF026 is a
pharmacologic agonist of the water channel aquaporin-1. . Am. Soc. Nephrol. 2013, 24, 1045-1052. [CrossRef]

Boassa, D.; Yool, A.J. Single amino acids in the carboxyl terminal domain of aquaporin-1 contribute to cGMP-dependent ion
channel activation. BMC Physiol. 2003, 3, 12. [CrossRef] [PubMed]

Wei, X.; Dong, ]. Aquaporin 1 promotes the proliferation and migration of lung cancer cell in vitro. Oncol. Rep. 2015, 34, 1440-1448.
[CrossRef] [PubMed]

McCoy, E.; Sontheimer, H. Expression and function of water channels (aquaporins) in migrating malignant astrocytes. Glia 2007,
55,1034-1043. [CrossRef] [PubMed]

De Ieso, M.L.; Pei, ].V.; Nourmohammadi, S.; Smith, E.; Chow, P.H.; Kourghi, M.; Hardingham, J.E.; Yool, A.]. Combined
pharmacological administration of AQP1 ion channel blocker AqB011 and water channel blocker Bacopaside II amplifies
inhibition of colon cancer cell migration. Sci. Rep. 2019, 9, 12635. [CrossRef] [PubMed]

Hazama, A.; Kozono, D.; Guggino, W.B.; Agre, P,; Yasui, M. Ion permeation of AQP6 water channel protein. Single channel
recordings after Hg2+ activation. J. Biol. Chem. 2002, 277, 29224-29230. [CrossRef] [PubMed]

Henderson, S.W.; Nourmohammadi, S.; Ramesh, S.A.; Yool, A.J. Aquaporin ion conductance properties defined by membrane
environment, protein structure, and cell physiology. Biophys. Rev. 2022, 14, 181-198. [CrossRef] [PubMed]

Ng, T; Shima, D.; Squire, A.; Bastiaens, P1.; Gschmeissner, S.; Humphries, M.].; Parker, PJ. PKC« regulates 31 integrin-dependent
cell motility through association and control of integrin traffic. EMBO ]. 1999, 18, 3909-3923. [CrossRef]

Nesverova, V.; Tornroth-Horsefield, S. Phosphorylation-Dependent Regulation of Mammalian Aquaporins. Cells 2019, 8, 82.
[CrossRef]

Hubbard, J.A.; Szu, ].I; Binder, D.K. The role of aquaporin-4 in synaptic plasticity, memory and disease. Brain Res. Bull. 2018, 136,
118-129. [CrossRef]

Nagelhus, E.A.; Ottersen, O.P. Physiological roles of aquaporin-4 in brain. Physiol. Rev. 2013, 93, 1543-1562. [CrossRef]
Papadopoulos, M.C.; Verkman, A.S. Aquaporin 4 and neuromyelitis optica. Lancet Neurol. 2012, 11, 535-544. [CrossRef] [PubMed]
Musa-Aziz, R.; Chen, L.M.; Pelletier, M.E,; Boron, W.E. Relative CO, /NHj3 selectivities of AQP1, AQP4, AQP5, AmtB, and RhAG.
Proc. Natl. Acad. Sci. USA 2009, 106, 5406-5411. [CrossRef] [PubMed]

Sepramaniam, S.; Armugam, A.; Lim, K.Y.; Karolina, D.S.; Swaminathan, P.; Tan, ].R; Jeyaseelan, K. MicroRNA 320a functions as
a novel endogenous modulator of aquaporins 1 and 4 as well as a potential therapeutic target in cerebral ischemia. J. Biol. Chem.
2010, 285, 29223-29230. [CrossRef] [PubMed]

Sepramaniam, S.; Ying, L.K.; Armugam, A.; Wintour, E.M.; Jeyaseelan, K. MicroRNA-130a represses transcriptional activity of
aquaporin 4 M1 promoter. . Biol. Chem. 2012, 287, 12006-12015. [CrossRef]

Xiong, W.; Ran, J.; Jiang, R.; Guo, P; Shi, X,; Li, H.; Lv, X,; Li, J.; Chen, D. miRNA-320a inhibits glioma cell invasion and migration
by directly targeting aquaporin 4. Oncol. Rep. 2018, 39, 1939-1947. [CrossRef]

Fushimi, K.; Sasaki, S.; Marumo, F. Phosphorylation of serine 256 is required for cAMP-dependent regulatory exocytosis of the
aquaporin-2 water channel. J. Biol. Chem. 1997, 272, 14800-14804. [CrossRef]

Nielsen, S.; Chou, C.L.; Marples, D.; Christensen, E.I; Kishore, B.K.; Knepper, M.A. Vasopressin increases water permeability of
kidney collecting duct by inducing translocation of aquaporin-CD water channels to plasma membrane. Proc. Natl. Acad. Sci.
USA 1995, 92, 1013-1017. [CrossRef]

Herrlich, A.; Leitch, V.; King, L.S. Role of proneuregulin 1 cleavage and human epidermal growth factor receptor activation in
hypertonic aquaporin induction. Proc. Natl. Acad. Sci. USA 2004, 101, 15799-15804. [CrossRef]


http://doi.org/10.1085/jgp.201210884
http://doi.org/10.1007/s002329900266
http://www.ncbi.nlm.nih.gov/pubmed/9309208
http://doi.org/10.1016/j.jmb.2006.04.039
http://www.ncbi.nlm.nih.gov/pubmed/16756992
http://doi.org/10.1073/pnas.0405274101
http://doi.org/10.1007/BF00233462
http://www.ncbi.nlm.nih.gov/pubmed/1375651
http://doi.org/10.1085/jgp.96.3.631
http://doi.org/10.1073/pnas.82.24.8468
http://doi.org/10.1016/j.mam.2012.02.001
http://doi.org/10.1074/jbc.M104267200
http://doi.org/10.1186/1472-6793-2-4
http://doi.org/10.1681/ASN.2012080869
http://doi.org/10.1186/1472-6793-3-12
http://www.ncbi.nlm.nih.gov/pubmed/14561230
http://doi.org/10.3892/or.2015.4107
http://www.ncbi.nlm.nih.gov/pubmed/26151179
http://doi.org/10.1002/glia.20524
http://www.ncbi.nlm.nih.gov/pubmed/17549682
http://doi.org/10.1038/s41598-019-49045-9
http://www.ncbi.nlm.nih.gov/pubmed/31477744
http://doi.org/10.1074/jbc.M204258200
http://www.ncbi.nlm.nih.gov/pubmed/12034750
http://doi.org/10.1007/s12551-021-00925-3
http://www.ncbi.nlm.nih.gov/pubmed/35340612
http://doi.org/10.1093/emboj/18.14.3909
http://doi.org/10.3390/cells8020082
http://doi.org/10.1016/j.brainresbull.2017.02.011
http://doi.org/10.1152/physrev.00011.2013
http://doi.org/10.1016/S1474-4422(12)70133-3
http://www.ncbi.nlm.nih.gov/pubmed/22608667
http://doi.org/10.1073/pnas.0813231106
http://www.ncbi.nlm.nih.gov/pubmed/19273840
http://doi.org/10.1074/jbc.M110.144576
http://www.ncbi.nlm.nih.gov/pubmed/20628061
http://doi.org/10.1074/jbc.M111.280701
http://doi.org/10.3892/or.2018.6274
http://doi.org/10.1074/jbc.272.23.14800
http://doi.org/10.1073/pnas.92.4.1013
http://doi.org/10.1073/pnas.0406853101

Cancers 2023, 15, 849 19 of 23

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

Hoffert, ].D.; Leitch, V.; Agre, P.; King, L.S. Hypertonic induction of aquaporin-5 expression through an ERK-dependent pathway.
J. Biol. Chem. 2000, 275, 9070-9077. [CrossRef]

Yang, F.; Kawedia, ].D.; Menon, A.G. Cyclic AMP regulates aquaporin 5 expression at both transcriptional and post-transcriptional
levels through a protein kinase A pathway. . Biol. Chem. 2003, 278, 32173-32180. [CrossRef]

Dobbs, L.G.; Gonzalez, R.; Matthay, M.A.; Carter, E.P,; Allen, L.; Verkman, A.S. Highly water-permeable type I alveolar epithelial
cells confer high water permeability between the airspace and vasculature in rat lung. Proc. Natl. Acad. Sci. USA 1998, 95,
2991-2996. [CrossRef] [PubMed]

Krane, C.M.; Melvin, J.E.; Nguyen, H.V,; Richardson, L.; Towne, J.E.; Doetschman, T.; Menon, A.G. Salivary acinar cells from
aquaporin 5-deficient mice have decreased membrane water permeability and altered cell volume regulation. . Biol. Chem. 2001,
276, 23413-23420. [CrossRef] [PubMed]

Rodrigues, C.; Pimpao, C.; Mosca, A.F,; Coxixo, A.S.; Lopes, D.; da Silva, I.V.; Pedersen, P.A.; Antunes, F; Soveral, G. Human
Aquaporin-5 Facilitates Hydrogen Peroxide Permeation Affecting Adaption to Oxidative Stress and Cancer Cell Migration.
Cancers 2019, 11, 932. [CrossRef] [PubMed]

Qi, H,; Li, L.; Zong, W.; Hyer, B.J.; Huang, J. Expression of aquaporin 8 is diversely regulated by osmotic stress in amnion
epithelial cells. J. Obstet. Gynaecol. Res. 2009, 35, 1019-1025. [CrossRef]

Jahn, T.P; Moller, A.L.; Zeuthen, T.; Holm, L.M.; Klaerke, D.A.; Mohsin, B.; Kuhlbrandt, W.; Schjoerring, ].K. Aquaporin
homologues in plants and mammals transport ammonia. FEBS Lett. 2004, 574, 31-36. [CrossRef]

Holm, L.M.; Jahn, T.P.; Moller, A.L.; Schjoerring, ] K.; Ferri, D.; Klaerke, D.A.; Zeuthen, T. NH3 and NH** permeability in
aquaporin-expressing Xenopus oocytes. Pfliigers Arch. 2005, 450, 415-428. [CrossRef]

Bertolotti, M.; Bestetti, S.; Garcia-Manteiga, ]. M.; Medrano-Fernandez, I.; Dal Mas, A.; Malosio, M.L,; Sitia, R. Tyrosine kinase
signal modulation: A matter of HyO, membrane permeability? Antioxid. Redox Signal. 2013, 19, 1447-1451. [CrossRef]
Calamita, G.; Ferri, D.; Gena, P,; Liquori, G.E.; Cavalier, A.; Thomas, D.; Svelto, M. The Inner Mitochondrial Membrane Has
Aquaporin-8 Water Channels and Is Highly Permeable to Water*. . Biol. Chem. 2005, 280, 17149-17153. [CrossRef]
Salazar-Ramiro, A.; Ramirez-Ortega, D.; Perez de la Cruz, V.; Hernandez-Pedro, N.Y.; Gonzalez-Esquivel, D.E; Sotelo, J.; Pineda,
B. Role of Redox Status in Development of Glioblastoma. Front. Immunol. 2016, 7, 156. [CrossRef]

Fu, D,; Libson, A.; Miercke, L.J.W.; Weitzman, C.; Nollert, P.; Krucinski, J.; Stroud, R.M. Structure of a glycerol-conducting channel
and the basis for its selectivity. Science 2000, 290, 481-486. [CrossRef]

Kitchen, P.; Salman, M.M.; Pickel, S.U.; Jennings, ].; Tornroth-Horsefield, S.; Conner, M.T.; Bill, R.M.; Conner, A.C. Water channel
pore size determines exclusion properties but not solute selectivity. Sci. Rep. 2019, 9, 20369. [CrossRef]

Tsukaguchi, H.; Shayakul, C.; Berger, U.V.; Mackenzie, B.; Devidas, S.; Guggino, W.B.; van Hoek, A.N.; Hediger, M.A. Molecular
characterization of a broad selectivity neutral solute channel. J. Biol. Chem. 1998, 273, 24737-24743. [CrossRef]

Warth, A.; Mittelbronn, M.; Hulper, P.; Erdlenbruch, B.; Wolburg, H. Expression of the water channel protein aquaporin-9 in
malignant brain tumors. Appl. Immunohistochem. Mol. Morphol. 2007, 15, 193-198. [CrossRef]

Jawhari, S.; Ratinaud, M.H.; Verdier, M. Glioblastoma, hypoxia and autophagy: A survival-prone ! menage-a-trois’. Cell Death Dis.
2016, 7, €2434. [CrossRef]

Hara, M.; Ma, T,; Verkman, A.S. Selectively reduced glycerol in skin of aquaporin-3-deficient mice may account for impaired skin
hydration, elasticity, and barrier recovery. J. Biol. Chem. 2002, 277, 46616-46621. [CrossRef]

Cao, C.; Wan, S.; Jiang, Q.; Amaral, A.; Lu, S.; Hu, G; Bi, Z.; Kouttab, N.; Chu, W.; Wan, Y. All-trans retinoic acid attenuates
ultraviolet radiation-induced down-regulation of aquaporin-3 and water permeability in human keratinocytes. J. Cell Physiol.
2008, 215, 506-516. [CrossRef]

Schrader, A.; Siefken, W.; Kueper, T.; Breitenbach, U.; Gatermann, C.; Sperling, G.; Biernoth, T.; Scherner, C.; Stab, F.; Wenck, H,;
et al. Effects of glyceryl glucoside on AQP3 expression, barrier function and hydration of human skin. Skin Pharmacol. Physiol.
2012, 25, 192-199. [CrossRef]

Ishibashi, K.; Sasaki, S.; Fushimi, K.; Uchida, S.; Kuwahara, M.; Saito, H.; Furukawa, T.; Nakajima, K.; Yamaguchi, Y,
Gojobori, T.; et al. Molecular cloning and expression of a member of the aquaporin family with permeability to glycerol and urea
in addition to water expressed at the basolateral membrane of kidney collecting duct cells. Proc. Natl. Acad. Sci. USA 1994, 91,
6269-6273. [CrossRef]

Hara-Chikuma, M.; Sohara, E.; Rai, T.; Ikawa, M.; Okabe, M.; Sasaki, S.; Uchida, S.; Verkman, A.S. Progressive adipocyte
hypertrophy in aquaporin-7-deficient mice: Adipocyte glycerol permeability as a novel regulator of fat accumulation. J. Biol.
Chem. 2005, 280, 15493-15496. [CrossRef]

Lebeck, J. Metabolic impact of the glycerol channels AQP7 and AQP9 in adipose tissue and liver. |. Mol. Endocrinol. 2014, 52,
R165-R178. [CrossRef]

Bienert, G.P.; Chaumont, F. Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide. Biochim. Biophys. Acta 2014,
1840, 1596-1604. [CrossRef] [PubMed]

Verkman, A.S. Aquaporins in clinical medicine. Annu. Rev. Med. 2012, 63, 303-316. [CrossRef] [PubMed]

Ishibashi, K.; Imai, M.; Sasaki, S. Cellular localization of aquaporin 7 in the rat kidney. Exp. Nephrol. 2000, 8, 252-257. [CrossRef]
[PubMed]

Sohara, E.; Rai, T.; Miyazaki, J.; Verkman, A.S.; Sasaki, S.; Uchida, S. Defective water and glycerol transport in the proximal
tubules of AQP7 knockout mice. Am. J. Physiol. Renal. Physiol. 2005, 289, F1195-F1200. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.275.12.9070
http://doi.org/10.1074/jbc.M305149200
http://doi.org/10.1073/pnas.95.6.2991
http://www.ncbi.nlm.nih.gov/pubmed/9501203
http://doi.org/10.1074/jbc.M008760200
http://www.ncbi.nlm.nih.gov/pubmed/11290736
http://doi.org/10.3390/cancers11070932
http://www.ncbi.nlm.nih.gov/pubmed/31277235
http://doi.org/10.1111/j.1447-0756.2009.01061.x
http://doi.org/10.1016/j.febslet.2004.08.004
http://doi.org/10.1007/s00424-005-1399-1
http://doi.org/10.1089/ars.2013.5330
http://doi.org/10.1074/jbc.C400595200
http://doi.org/10.3389/fimmu.2016.00156
http://doi.org/10.1126/science.290.5491.481
http://doi.org/10.1038/s41598-019-56814-z
http://doi.org/10.1074/jbc.273.38.24737
http://doi.org/10.1097/01.pai.0000213110.05108.e9
http://doi.org/10.1038/cddis.2016.318
http://doi.org/10.1074/jbc.M209003200
http://doi.org/10.1002/jcp.21336
http://doi.org/10.1159/000338190
http://doi.org/10.1073/pnas.91.14.6269
http://doi.org/10.1074/jbc.C500028200
http://doi.org/10.1530/JME-13-0268
http://doi.org/10.1016/j.bbagen.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24060746
http://doi.org/10.1146/annurev-med-043010-193843
http://www.ncbi.nlm.nih.gov/pubmed/22248325
http://doi.org/10.1159/000020676
http://www.ncbi.nlm.nih.gov/pubmed/10940724
http://doi.org/10.1152/ajprenal.00133.2005
http://www.ncbi.nlm.nih.gov/pubmed/15998844

Cancers 2023, 15, 849 20 of 23

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Banister, E.W.; Cameron, B.J. Exercise-induced hyperammonemia: Peripheral and central effects. Int. J. Sports Med. 1990, 11
(Suppl. 52), 5129-5142. [CrossRef]

Esbjornsson, M.; Bulow, J.; Norman, B.; Simonsen, L.; Nowak, J.; Rooyackers, O.; Kaijser, L.; Jansson, E. Adipose tissue extracts
plasma ammonia after sprint exercise in women and men. . Appl. Physiol. 2006, 101, 1576-1580. [CrossRef]

Geyer, RR.; Musa-Aziz, R.; Qin, X.; Boron, W.E. Relative CO(2) /NH(3) selectivities of mammalian aquaporins 0-9. Am. J. Physiol.
Cell Physiol. 2013, 304, C985-C994. [CrossRef]

Liu, Z.; Shen, J.; Carbrey, ].M.; Mukhopadhyay, R.; Agre, P.; Rosen, B.P. Arsenite transport by mammalian aquaglyceroporins
AQP7 and AQP9. Proc. Natl. Acad. Sci. USA 2002, 99, 6053-6058. [CrossRef]

Rojek, A.M.; Skowronski, M.T.; Fuchtbauer, E.M.; Fuchtbauer, A.C.; Fenton, R.A.; Agre, P.; Frokiaer, J.; Nielsen, S. Defective
glycerol metabolism in aquaporin 9 (AQP9) knockout mice. Proc. Natl. Acad. Sci. USA 2007, 104, 3609-3614. [CrossRef]
Ishibashi, K.; Morinaga, T.; Kuwahara, M.; Sasaki, S.; Imai, M. Cloning and identification of a new member of water channel
(AQP10) as an aquaglyceroporin. Biochim. Biophys. Acta 2002, 1576, 335-340. [CrossRef]

Civelek, V.N.; Hamilton, J.A.; Tornheim, K.; Kelly, K.L.; Corkey, B.E. Intracellular pH in adipocytes: Effects of free fatty acid
diffusion across the plasma membrane, lipolytic agonists, and insulin. Proc. Natl. Acad. Sci. USA 1996, 93, 10139-10144. [CrossRef]
[PubMed]

Gotfryd, K.; Mosca, A.F,; Missel, ].W.; Truelsen, S.F.; Wang, K.; Spulber, M.; Krabbe, S.; Helix-Nielsen, C.; Laforenza, U.; Soveral,
G.; et al. Human adipose glycerol flux is regulated by a pH gate in AQP10. Nat. Commun. 2018, 9, 4749. [CrossRef] [PubMed]
Morishita, Y.; Sakube, Y.; Sasaki, S.; Ishibashi, K. Molecular mechanisms and drug development in aquaporin water channel
diseases: Aquaporin superfamily (superaquaporins): Expansion of aquaporins restricted to multicellular organisms. J. Pharmacol.
Sci. 2004, 96, 276-279. [CrossRef] [PubMed]

Madeira, A.; Fernandez-Veledo, S.; Camps, M.; Zorzano, A.; Moura, T.F; Ceperuelo-Mallafre, V.; Vendrell, J.; Soveral, G. Human
aquaporin-11 is a water and glycerol channel and localizes in the vicinity of lipid droplets in human adipocytes. Obesity (Silver
Spring) 2014, 22, 2010-2017. [CrossRef]

Magni, F.; Sarto, C.; Ticozzi, D.; Soldi, M.; Bosso, N.; Mocarelli, P.; Kienle, M.G. Proteomic knowledge of human aquaporins.
Proteomics 2006, 6, 5637-5649. [CrossRef] [PubMed]

Itoh, T; Rai, T.; Kuwahara, M.; Ko, S.B.; Uchida, S.; Sasaki, S.; Ishibashi, K. Identification of a novel aquaporin, AQP12, expressed
in pancreatic acinar cells. Biochem. Biophys. Res. Commun. 2005, 330, 832-838. [CrossRef]

Stenson, P.D.; Mort, M.; Ball, E.V.; Chapman, M.; Evans, K.; Azevedo, L.; Hayden, M.; Heywood, S.; Millar, D.S.; Phillips, A.D.; et al.
The Human Gene Mutation Database (HGMD((R))): Optimizing its use in a clinical diagnostic or research setting. Hum. Genet.
2020, 139, 1197-1207. [CrossRef]

Aoki, K.; Uchihara, T.; Tsuchiya, K.; Nakamura, A.; Ikeda, K.; Wakayama, Y. Enhanced expression of aquaporin 4 in human brain
with infarction. Acta Neuropathol. 2003, 106, 121-124. [CrossRef]

Ren, Y;; Lu, H,; Reinach, P.S.; Zheng, Q.; Li, J.; Tan, Q.; Zhu, H.; Chen, W. Hyperosmolarity-induced AQP5 upregulation promotes
inflammation and cell death via JNK1/2 Activation in human corneal epithelial cells. Sci. Rep. 2017, 7, 4727. [CrossRef]
Salman, M.M.; Kitchen, P,; Yool, A.].; Bill, R.M. Recent breakthroughs and future directions in drugging aquaporins. Trends
Pharmacol. Sci. 2022, 43, 30-42. [CrossRef]

Kourghi, M.; Pei, ].V.; De Ieso, M.L.; Flynn, G.; Yool, A.J. Bumetanide Derivatives AqB007 and AqB011 Selectively Block the
Aquaporin-1 Ion Channel Conductance and Slow Cancer Cell Migration. Mol. Pharmacol. 2016, 89, 133-140. [CrossRef]

Pei, ].V.; Kourghi, M.; De Ieso, M.L.; Campbell, EM.; Dorward, H.S.; Hardingham, J.E.; Yool, A J. Differential Inhibition of Water
and Ion Channel Activities of Mammalian Aquaporin-1 by Two Structurally Related Bacopaside Compounds Derived from the
Medicinal Plant Bacopa monnieri. Mol. Pharmacol. 2016, 90, 496-507. [CrossRef]

Uhlen, M,; Bjorling, E.; Agaton, C.; Szigyarto, C.A.; Amini, B.; Andersen, E.; Andersson, A.C.; Angelidou, P.; Asplund, A;
Asplund, C.; et al. A human protein atlas for normal and cancer tissues based on antibody proteomics. Mol. Cell. Proteom. 2005, 4,
1920-1932. [CrossRef] [PubMed]

Uhlen, M.; Zhang, C.; Lee, S.; Sjostedt, E.; Fagerberg, L.; Bidkhori, G.; Benfeitas, R.; Arif, M.; Liu, Z.; Edfors, F; et al. A pathology
atlas of the human cancer transcriptome. Science 2017, 357, eaan2507. [CrossRef]

Jacquemet, G.; Baghirov, H.; Georgiadou, M.; Sihto, H.; Peuhu, E.; Cettour-Janet, P.; He, T.; Perala, M.; Krongvist, P.; Joensuu,
H.; et al. L-type calcium channels regulate filopodia stability and cancer cell invasion downstream of integrin signalling. Nat.
Commun. 2016, 7, 13297. [CrossRef] [PubMed]

Grasset, E.M.; Bertero, T.; Bozec, A.; Friard, J.; Bourget, I.; Pisano, S.; Lecacheur, M.; Maiel, M.; Bailleux, C.; Emelyanov, A.; et al.
Matrix Stiffening and EGFR Cooperate to Promote the Collective Invasion of Cancer Cells. Cancer Res. 2018, 78, 5229-5242.
[CrossRef] [PubMed]

Driffort, V.; Gillet, L.; Bon, E.; Marionneau-Lambot, S.; Oullier, T.; Joulin, V.; Collin, C.; Pages, J.C.; Jourdan, M.L.; Chevalier,
S.; et al. Ranolazine inhibits NaV1.5-mediated breast cancer cell invasiveness and lung colonization. Mol. Cancer 2014, 13, 264.
[CrossRef] [PubMed]

Artym, V.V,; Petty, H.R. Molecular proximity of Kv1.3 voltage-gated potassium channels and beta(1)-integrins on the plasma
membrane of melanoma cells: Effects of cell adherence and channel blockers. J. Gen. Physiol. 2002, 120, 29-37. [CrossRef]
[PubMed]


http://doi.org/10.1055/s-2007-1024864
http://doi.org/10.1152/japplphysiol.01119.2004
http://doi.org/10.1152/ajpcell.00033.2013
http://doi.org/10.1073/pnas.092131899
http://doi.org/10.1073/pnas.0610894104
http://doi.org/10.1016/S0167-4781(02)00393-7
http://doi.org/10.1073/pnas.93.19.10139
http://www.ncbi.nlm.nih.gov/pubmed/8816765
http://doi.org/10.1038/s41467-018-07176-z
http://www.ncbi.nlm.nih.gov/pubmed/30420639
http://doi.org/10.1254/jphs.FMJ04004X7
http://www.ncbi.nlm.nih.gov/pubmed/15548852
http://doi.org/10.1002/oby.20792
http://doi.org/10.1002/pmic.200600212
http://www.ncbi.nlm.nih.gov/pubmed/17044001
http://doi.org/10.1016/j.bbrc.2005.03.046
http://doi.org/10.1007/s00439-020-02199-3
http://doi.org/10.1007/s00401-003-0709-y
http://doi.org/10.1038/s41598-017-05145-y
http://doi.org/10.1016/j.tips.2021.10.009
http://doi.org/10.1124/mol.115.101618
http://doi.org/10.1124/mol.116.105882
http://doi.org/10.1074/mcp.M500279-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16127175
http://doi.org/10.1126/science.aan2507
http://doi.org/10.1038/ncomms13297
http://www.ncbi.nlm.nih.gov/pubmed/27910855
http://doi.org/10.1158/0008-5472.CAN-18-0601
http://www.ncbi.nlm.nih.gov/pubmed/30026329
http://doi.org/10.1186/1476-4598-13-264
http://www.ncbi.nlm.nih.gov/pubmed/25496128
http://doi.org/10.1085/jgp.20028607
http://www.ncbi.nlm.nih.gov/pubmed/12084773

Cancers 2023, 15, 849 21 of 23

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Schwab, A.; Reinhardt, ].; Schneider, S.W.; Gassner, B.; Schuricht, B. K(+) channel-dependent migration of fibroblasts and human
melanoma cells. Cell Physiol. Biochem. 1999, 9, 126-132. [CrossRef]

Cherubini, A.; Hofmann, G.; Pillozzi, S.; Guasti, L.; Crociani, O.; Cilia, E.; Di Stefano, P.; Degani, S.; Balzi, M.; Olivotto, M.; et al.
Human ether-a-go-go-related gene 1 channels are physically linked to betal integrins and modulate adhesion-dependent signaling.
Mol. Biol. Cell 2005, 16, 2972-2983. [CrossRef]

Hammadi, M.; Chopin, V.; Matifat, F.; Dhennin-Duthille, I.; Chasseraud, M.; Sevestre, H.; Ouadid-Ahidouch, H. Human ether
a-gogo K* channel 1 (hEagl) regulates MDA-MB-231 breast cancer cell migration through Orail-dependent calcium entry. J. Cell.
Physiol. 2012, 227, 3837-3846. [CrossRef] [PubMed]

Gumireddy, K.; Li, A.; Kossenkov, A.V.; Sakurai, M.; Yan, J.; Li, Y.; Xu, H.; Wang, J.; Zhang, P].; Zhang, L.; et al. The mRNA-edited
form of GABRAS3 suppresses GABRA3-mediated Akt activation and breast cancer metastasis. Nat. Commun. 2016, 7, 10715.
[CrossRef]

Sizemore, G.M.; Sizemore, S.T.; Seachrist, D.D.; Keri, R.A. GABA(A) receptor pi (GABRP) stimulates basal-like breast cancer cell
migration through activation of extracellular-regulated kinase 1/2 (ERK1/2). J. Biol. Chem. 2014, 289, 24102-24113. [CrossRef]
[PubMed]

Liu, L.; Yang, C.; Shen, J.; Huang, L.; Lin, W.; Tang, H.; Liang, W.; Shao, W.; Zhang, H.; He, ]. GABRA3 promotes lymphatic
metastasis in lung adenocarcinoma by mediating upregulation of matrix metalloproteinases. Oncotarget 2016, 7, 32341-32350.
[CrossRef] [PubMed]

Venkataramani, V.; Tanev, D.I.; Strahle, C.; Studier-Fischer, A.; Fankhauser, L.; Kessler, T.; Korber, C.; Kardorff, M.; Ratliff, M.; Xie,
R.; et al. Glutamatergic synaptic input to glioma cells drives brain tumour progression. Nature 2019, 573, 532-538. [CrossRef]
Huang, Y.; Qi, L.; Kogiso, M.; Du, Y.; Braun, EK,; Zhang, H.; Huang, L.F,; Xiao, S.; Teo, W.Y,; Lindsay, H.; et al. Spatial Dissection
of Invasive Front from Tumor Mass Enables Discovery of Novel microRNA Drivers of Glioblastoma Invasion. Adv. Sci. (Weinh)
2021, 8, €2101923. [CrossRef]

Ji, C.D.; Wang, Y.X; Xiang, D.F; Liu, Q.; Zhou, Z.H.; Qian, E; Yang, L.; Ren, Y.; Cui, W.; Xu, S.L.; et al. Kir2.1 Interaction with
5tk38 Promotes Invasion and Metastasis of Human Gastric Cancer by Enhancing MEKK2-MEK1/2-ERK1/2 Signaling. Cancer Res.
2018, 78, 3041-3053. [CrossRef]

Catacuzzeno, L.; Aiello, F; Fioretti, B.; Sforna, L.; Castigli, E.; Ruggieri, P.; Tata, A.M.; Calogero, A.; Franciolini, F. Serum-activated
K and CI currents underlay U87-MG glioblastoma cell migration. J. Cell Physiol. 2011, 226, 1926-1933. [CrossRef]

D’ Alessandro, G.; Catalano, M.; Sciaccaluga, M.; Chece, G.; Cipriani, R.; Rosito, M.; Grimaldi, A.; Lauro, C.; Cantore, G.; Santoro,
A_; et al. KCa3.1 channels are involved in the infiltrative behavior of glioblastoma in vivo. Cell Death Dis. 2013, 4, 773. [CrossRef]
Gupta, S.C.; Singh, R.; Asters, M.; Liu, J.; Zhang, X.; Pabbidi, M.R.; Watabe, K.; Mo, Y.Y. Regulation of breast tumorigenesis
through acid sensors. Oncogene 2016, 35, 4102—4111. [CrossRef]

Wu, Y; Gao, B,; Xiong, Q.J.; Wang, Y.C.; Huang, D.K.; Wu, W.N. Acid-sensing ion channels contribute to the effect of extracellular
acidosis on proliferation and migration of A549 cells. Tumour Biol. 2017, 39, 1010428317705750. [CrossRef]

Zhu, S.; Zhou, H.-Y,; Deng, S.-C.; Deng, S.-].; He, C.; Li, X,; Chen, J.-Y;; Jin, Y.; Hu, Z.-L.; Wang, F; et al. ASIC1 and ASIC3
contribute to acidity-induced EMT of pancreatic cancer through activating Ca>*/RhoA pathway. Cell Death Dis. 2017, 8, e2806.
[CrossRef]

Komuro, H.; Rakic, P. Intracellular Ca?* fluctuations modulate the rate of neuronal migration. Neuron 1996, 17, 275-285. [CrossRef]
[PubMed]

Ishiuchi, S.; Tsuzuki, K.; Yoshida, Y.; Yamada, N.; Hagimura, N.; Okado, H.; Miwa, A.; Kurihara, H.; Nakazato, Y.; Tamura, M.;
et al. Blockage of Ca(2+)-permeable AMPA receptors suppresses migration and induces apoptosis in human glioblastoma cells.
Nat. Med. 2002, 8, 971-978. [CrossRef] [PubMed]

Herner, A.; Sauliunaite, D.; Michalski, C.W.; Erkan, M.; De Oliveira, T.; Abiatari, I.; Kong, B.; Esposito, I.; Friess, H.; Kleeff, J.
Glutamate increases pancreatic cancer cell invasion and migration via AMPA receptor activation and Kras-MAPK signaling. Int.
J. Cancer 2011, 129, 2349-2359. [CrossRef]

Jiang, L.H.; Adinolfi, E.; Roger, S. Editorial: Ion Channel Signalling in Cancer: From Molecular Mechanisms to Therapeutics.
Front. Pharmacol. 2021, 12, 711593. [CrossRef] [PubMed]

Hille, B. Ion Channel of Excitable Membranes, 3rd ed.; Sinauer Associates, Inc.: Sunderland, MA, USA, 2001.

Yool, A.J.; Ramesh, S. Molecular Targets for Combined Therapeutic Strategies to Limit Glioblastoma Cell Migration and Invasion.
Front. Pharmacol. 2020, 11, 358. [CrossRef] [PubMed]

Chantome, A.; Potier-Cartereau, M.; Clarysse, L.; Fromont, G.; Marionneau-Lambot, S.; Gueguinou, M.; Pages, ].C.; Collin, C,;
Oullier, T,; Girault, A.; et al. Pivotal role of the lipid Raft SK3-Orail complex in human cancer cell migration and bone metastases.
Cancer Res. 2013, 73, 4852-4861. [CrossRef] [PubMed]

Giannone, G.; Ronde, P.; Gaire, M.; Haiech, J.; Takeda, K. Calcium oscillations trigger focal adhesion disassembly in human U87
astrocytoma cells. J. Biol. Chem. 2002, 277, 26364-26371. [CrossRef] [PubMed]

Sciaccaluga, M.; Fioretti, B.; Catacuzzeno, L.; Pagani, F.; Bertollini, C.; Rosito, M.; Catalano, M.; D’ Alessandro, G.; Santoro, A.;
Cantore, G.; et al. CXCL12-induced glioblastoma cell migration requires intermediate conductance Ca®*-activated K* channel
activity. Am. J. Physiol. Cell Physiol. 2010, 299, C175-C184. [CrossRef] [PubMed]

Pennefather, P; Lancaster, B.; Adams, PR.; Nicoll, R.A. Two distinct Ca-dependent K currents in bullfrog sympathetic ganglion
cells. Proc. Natl. Acad. Sci. USA 1985, 82, 3040-3044. [CrossRef]


http://doi.org/10.1159/000016309
http://doi.org/10.1091/mbc.e04-10-0940
http://doi.org/10.1002/jcp.24095
http://www.ncbi.nlm.nih.gov/pubmed/22495877
http://doi.org/10.1038/ncomms10715
http://doi.org/10.1074/jbc.M114.593582
http://www.ncbi.nlm.nih.gov/pubmed/25012653
http://doi.org/10.18632/oncotarget.8700
http://www.ncbi.nlm.nih.gov/pubmed/27081042
http://doi.org/10.1038/s41586-019-1564-x
http://doi.org/10.1002/advs.202101923
http://doi.org/10.1158/0008-5472.CAN-17-3776
http://doi.org/10.1002/jcp.22523
http://doi.org/10.1038/cddis.2013.279
http://doi.org/10.1038/onc.2015.477
http://doi.org/10.1177/1010428317705750
http://doi.org/10.1038/cddis.2017.189
http://doi.org/10.1016/S0896-6273(00)80159-2
http://www.ncbi.nlm.nih.gov/pubmed/8780651
http://doi.org/10.1038/nm746
http://www.ncbi.nlm.nih.gov/pubmed/12172541
http://doi.org/10.1002/ijc.25898
http://doi.org/10.3389/fphar.2021.711593
http://www.ncbi.nlm.nih.gov/pubmed/34149438
http://doi.org/10.3389/fphar.2020.00358
http://www.ncbi.nlm.nih.gov/pubmed/32292341
http://doi.org/10.1158/0008-5472.CAN-12-4572
http://www.ncbi.nlm.nih.gov/pubmed/23774210
http://doi.org/10.1074/jbc.M203952200
http://www.ncbi.nlm.nih.gov/pubmed/12011063
http://doi.org/10.1152/ajpcell.00344.2009
http://www.ncbi.nlm.nih.gov/pubmed/20392929
http://doi.org/10.1073/pnas.82.9.3040

Cancers 2023, 15, 849 22 of 23

183.

184.

185.

186.

187.
188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Upadhyay, R.K. Drug delivery systems, CNS protection, and the blood brain barrier. Biomed Res. Int. 2014, 2014, 869269.
[CrossRef]

Wu, L.; Lin, W,; Liao, Q.; Wang, H.; Lin, C,; Tang, L.; Lian, W.; Chen, Z.; Li, K.; Xu, L.; et al. Calcium Channel Blocker Nifedipine
Suppresses Colorectal Cancer Progression and Immune Escape by Preventing NFAT2 Nuclear Translocation. Cell Rep. 2020, 33,
108582. [CrossRef] [PubMed]

Jeong, YJ.; Choi, Y,; Shin, ].M.; Cho, H.J.; Kang, ] H.; Park, K.K.; Choe, ].Y.; Bae, Y.S.; Han, SM.; Kim, C.H.; et al. Melittin
suppresses EGF-induced cell motility and invasion by inhibiting PI3K/Akt/mTOR signaling pathway in breast cancer cells. Food
Chem. Toxicol. 2014, 68, 218-225. [CrossRef] [PubMed]

Chantome, A.; Girault, A.; Potier, M.; Bonningue, M.; Marionneau-Lambot, S.; Vaudin, P.; Collin, C.; Jourdan, M.-L.; Joulin, V,;
Pages, C. SK3 Channel Promotes Melanoma Cell Migration; AACR: Philadelphia, PA, USA, 2008.

Hsu, PP; Sabatini, D.M. Cancer cell metabolism: Warburg and beyond. Cell 2008, 134, 703-707. [CrossRef]

Shah, S.; Chu, Y.; Cegielski, V.; Chu, X.P. Acid-Sensing Ion Channel 1 Contributes to Weak Acid-Induced Migration of Human
Malignant Glioma Cells. Front. Physiol. 2021, 12, 734418. [CrossRef] [PubMed]

Caramia, M.; Sforna, L.; Franciolini, F.; Catacuzzeno, L. The Volume-Regulated Anion Channel in Glioblastoma. Cancers 2019,
11, 307. [CrossRef]

Hyzinski-Garcia, M.C.; Rudkouskaya, A.; Mongin, A.A. LRRC8A protein is indispensable for swelling-activated and ATP-induced
release of excitatory amino acids in rat astrocytes. J. Physiol. 2014, 592, 4855-4862. [CrossRef]

Pedersen, S.F; Klausen, T.K.; Nilius, B. The identification of a volume-regulated anion channel: An amazing Odyssey. Acta
Physiol. 2015, 213, 868-881. [CrossRef]

Qiu, Z.; Dubin, A.E.; Mathuy, J.; Tu, B.; Reddy, K.; Miraglia, L.J.; Reinhardt, J.; Orth, A.P,; Patapoutian, A. SWELL]1, a plasma
membrane protein, is an essential component of volume-regulated anion channel. Cell 2014, 157, 447-458. [CrossRef]

Voss, EXK.; Ullrich, E.; Munch, ]J.; Lazarow, K.; Lutter, D.; Mah, N.; Andrade-Navarro, M.A.; von Kries, J.P.,; Stauber, T.; Jentsch, T.J.
Identification of LRRC8 heteromers as an essential component of the volume-regulated anion channel VRAC. Science 2014, 344,
634-638. [CrossRef]

Planells-Cases, R.; Lutter, D.; Guyader, C.; Gerhards, N.M.; Ullrich, E; Elger, D.A.; Kucukosmanoglu, A.; Xu, G.; Voss, EK,;
Reincke, S.M.; et al. Subunit composition of VRAC channels determines substrate specificity and cellular resistance to Pt-based
anti-cancer drugs. EMBO J. 2015, 34, 2993-3008. [CrossRef]

Wong, R.; Chen, W.; Zhong, X.; Rutka, ].T.; Feng, Z.P,; Sun, H.S. Swelling-induced chloride current in glioblastoma proliferation,
migration, and invasion. . Cell Physiol. 2018, 233, 363-370. [CrossRef] [PubMed]

Liu, T,; Stauber, T. The Volume-Regulated Anion Channel LRRC8/VRAC Is Dispensable for Cell Proliferation and Migration. Int.
J. Mol. Sci. 2019, 20, 2663. [CrossRef] [PubMed]

Kozuska, J.L.; Paulsen, M. The Cys-loop pentameric ligand-gated ion channel receptors: 50 years on. Can. J. Physiol. Pharmacol.
2012, 90, 771-782. [CrossRef] [PubMed]

Pucci, S.; Fasoli, F.; Moretti, M.; Benfante, R.; Di Lascio, S.; Viani, P.; Daga, A.; Gordon, T.J.; McIntosh, M.; Zoli, M.; et al. Choline
and nicotine increase glioblastoma cell proliferation by binding and activating alpha7- and alpha9- containing nicotinic receptors.
Pharmacol. Res. 2021, 163, 105336. [CrossRef]

Smits, A.; Jin, Z.; Elsir, T.; Pedder, H.; Nister, M.; Alafuzoff, I.; Dimberg, A.; Edqvist, PH.; Ponten, F; Aronica, E.; et al. GABA-A
channel subunit expression in human glioma correlates with tumor histology and clinical outcome. PLoS ONE 2012, 7, e37041.
[CrossRef]

Ho, T.N.T.; Abraham, N.; Lewis, R.J. Structure-Function of Neuronal Nicotinic Acetylcholine Receptor Inhibitors Derived From
Natural Toxins. Front. Neurosci. 2020, 14, 609005. [CrossRef]

Wang, H.L.; Cheng, X.; Taylor, P,; McCammon, J.A.; Sine, S.M. Control of cation permeation through the nicotinic receptor channel.
PLoS Comput. Biol. 2008, 4, e41. [CrossRef]

Thompson, E.G.; Sontheimer, H. Acetylcholine Receptor Activation as a Modulator of Glioblastoma Invasion. Cells 2019, 8, 1203.
[CrossRef]

Potier, M.; Joulin, V.; Roger, S.; Besson, P.; Jourdan, M.L.; Leguennec, ].Y.; Bougnoux, P.; Vandier, C. Identification of SK3 channel
as a new mediator of breast cancer cell migration. Mol. Cancer Ther. 2006, 5, 2946-2953. [CrossRef] [PubMed]

Potier, M.; Chantome, A.; Joulin, V.; Girault, A.; Roger, S.; Besson, P.; Jourdan, M.L.; LeGuennec, ].Y.; Bougnoux, P.; Vandier, C. The
SK3/K(Ca)2.3 potassium channel is a new cellular target for edelfosine. Br. J. Pharmacol. 2011, 162, 464-479. [CrossRef] [PubMed]
Wang, L.; Liu, Y.; Yu, Z.; Gong, ].; Deng, Z.; Ren, N.; Zhong, Z.; Cai, H.; Tang, Z.; Cheng, H.; et al. Mir-139-5p inhibits glioma cell
proliferation and progression by targeting GABRA1. |. Transl. Med. 2021, 19, 213. [CrossRef] [PubMed]

Connolly, C.N.; Wafford, K.A. The Cys-loop superfamily of ligand-gated ion channels: The impact of receptor structure on
function. Biochem. Soc. Trans. 2004, 32, 529-534. [CrossRef]

Dent, J.A. The evolution of pentameric ligand-gated ion channels. Adv. Exp. Med. Biol. 2010, 683, 11-23. [CrossRef]

Watkins, J.C.; Evans, R.H. Excitatory amino acid transmitters. Annu. Rev. Pharmacol. Toxicol. 1981, 21, 165-204. [CrossRef]
Mayer, M.L.; MacDermott, A.B.; Westbrook, G.L.; Smith, S.J.; Barker, J.L. Agonist-and voltage-gated calcium entry in cultured
mouse spinal cord neurons under voltage clamp measured using arsenazo III. J. Neurosci. 1987, 7, 3230-3244. [CrossRef]
Pellegrini-Giampietro, D.E.; Gorter, ].A.; Bennett, M.V.; Zukin, R.S. The GluR2 (GluR-B) hypothesis: Ca(2+)-permeable AMPA
receptors in neurological disorders. Trends Neurosci. 1997, 20, 464-470. [CrossRef]


http://doi.org/10.1155/2014/869269
http://doi.org/10.1016/j.celrep.2020.108582
http://www.ncbi.nlm.nih.gov/pubmed/33378684
http://doi.org/10.1016/j.fct.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24675423
http://doi.org/10.1016/j.cell.2008.08.021
http://doi.org/10.3389/fphys.2021.734418
http://www.ncbi.nlm.nih.gov/pubmed/34557113
http://doi.org/10.3390/cancers11030307
http://doi.org/10.1113/jphysiol.2014.278887
http://doi.org/10.1111/apha.12450
http://doi.org/10.1016/j.cell.2014.03.024
http://doi.org/10.1126/science.1252826
http://doi.org/10.15252/embj.201592409
http://doi.org/10.1002/jcp.25891
http://www.ncbi.nlm.nih.gov/pubmed/28262948
http://doi.org/10.3390/ijms20112663
http://www.ncbi.nlm.nih.gov/pubmed/31151189
http://doi.org/10.1139/y2012-018
http://www.ncbi.nlm.nih.gov/pubmed/22493950
http://doi.org/10.1016/j.phrs.2020.105336
http://doi.org/10.1371/journal.pone.0037041
http://doi.org/10.3389/fnins.2020.609005
http://doi.org/10.1371/journal.pcbi.0040041
http://doi.org/10.3390/cells8101203
http://doi.org/10.1158/1535-7163.MCT-06-0194
http://www.ncbi.nlm.nih.gov/pubmed/17121942
http://doi.org/10.1111/j.1476-5381.2010.01044.x
http://www.ncbi.nlm.nih.gov/pubmed/20955368
http://doi.org/10.1186/s12967-021-02880-9
http://www.ncbi.nlm.nih.gov/pubmed/34001135
http://doi.org/10.1042/bst0320529
http://doi.org/10.1007/978-1-4419-6445-8_2
http://doi.org/10.1146/annurev.pa.21.040181.001121
http://doi.org/10.1523/JNEUROSCI.07-10-03230.1987
http://doi.org/10.1016/S0166-2236(97)01100-4

Cancers 2023, 15, 849 23 of 23

211.

212.

213.
214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Venkatesh, H.S.; Morishita, W.; Geraghty, A.C.; Silverbush, D.; Gillespie, S.M.; Arzt, M.; Tam, L.T.; Espenel, C.; Ponnuswami, A.;
Ni, L.; et al. Electrical and synaptic integration of glioma into neural circuits. Nature 2019, 573, 539-545. [CrossRef]

Sibille, J.; Pannasch, U.; Rouach, N. Astroglial potassium clearance contributes to short-term plasticity of synaptically evoked
currents at the tripartite synapse. J. Physiol. 2014, 592, 87-102. [CrossRef]

Yang, M.; Brackenbury, W.J. Membrane potential and cancer progression. Front. Physiol. 2013, 4, 185. [CrossRef] [PubMed]
Prevarskaya, N.; Skryma, R.; Shuba, Y. Ion channels and the hallmarks of cancer. Trends Mol. Med. 2010, 16, 107-121. [CrossRef]
[PubMed]

Schwab, A.; Fabian, A.; Hanley, PJ.; Stock, C. Role of ion channels and transporters in cell migration. Physiol. Rev. 2012, 92,
1865-1913. [CrossRef] [PubMed]

Lee, J.; Ishihara, A.; Oxford, G.; Johnson, B.; Jacobson, K. Regulation of cell movement is mediated by stretch-activated calcium
channels. Nature 1999, 400, 382-386. [CrossRef]

Abdul Kadir, L.; Stacey, M.; Barrett-Jolley, R. Emerging Roles of the Membrane Potential: Action Beyond the Action Potential.
Front. Physiol. 2018, 9, 1661. [CrossRef]

Fernandez, ] M.; Di Giusto, G.; Kalstein, M.; Melamud, L.; Rivarola, V.; Ford, P.; Capurro, C. Cell volume regulation in cultured
human retinal Muller cells is associated with changes in transmembrane potential. PLoS ONE 2013, 8, e57268. [CrossRef]
Niklasson, M.; Maddalo, G.; Sramkova, Z.; Mutlu, E.; Wee, S.; Sekyrova, P.; Schmidt, L.; Fritz, N.; Dehnisch, I.; Kyriatzis, G.; et al.
Membrane-Depolarizing Channel Blockers Induce Selective Glioma Cell Death by Impairing Nutrient Transport and Unfolded
Protein/ Amino Acid Responses. Cancer Res. 2017, 77, 1741-1752. [CrossRef]

Wagner, D.A.; Czajkowski, C. Structure and dynamics of the GABA binding pocket: A narrowing cleft that constricts during
activation. J. Neurosci. 2001, 21, 67-74. [CrossRef]

Purves, D.; Augustine, G.J ; Fitzpatrick, D.; Hall, W.C.; LaMantia, A.-S.; McNamara, J.O.; White, L.E. Neuroscience, 4th ed.; Sinauer
Associates: Sunderland, MA, USA, 2008.

Morabito, A.; Zerlaut, Y.; Serraz, B.; Sala, R.; Paoletti, P.; Rebola, N. Activity-dependent modulation of NMDA receptors by
endogenous zinc shapes dendritic function in cortical neurons. Cell Rep. 2022, 38, 110415. [CrossRef]

Baron, A.; Diochot, S.; Salinas, M.; Deval, E.; Noel, J.; Lingueglia, E. Venom toxins in the exploration of molecular, physiological
and pathophysiological functions of acid-sensing ion channels. Toxicon 2013, 75, 187-204. [CrossRef]

Baron, A.; Lingueglia, E. Pharmacology of acid-sensing ion channels—Physiological and therapeutical perspectives. Neuropharma-
cology 2015, 94, 19-35. [CrossRef] [PubMed]

Hibino, H.; Inanobe, A.; Furutani, K.; Murakami, S.; Findlay, I.; Kurachi, Y. Inwardly rectifying potassium channels: Their
structure, function, and physiological roles. Physiol. Rev. 2010, 90, 291-366. [CrossRef] [PubMed]

Doyon, N.; Vinay, L.; Prescott, S.A.; De Koninck, Y. Chloride Regulation: A Dynamic Equilibrium Crucial for Synaptic Inhibition.
Neuron 2016, 89, 1157-1172. [CrossRef] [PubMed]

Tretter, V.; Ehya, N.; Fuchs, K.; Sieghart, W. Stoichiometry and assembly of a recombinant GABAA receptor subtype. J. Neurosci.
1997, 17, 2728-2737. [CrossRef] [PubMed]

Synowitz, M.; Ahmann, P.; Matyash, M.; Kuhn, S.A.; Hofmann, B.; Zimmer, C.; Kirchhoff, F; Kiwit, J.C.; Kettenmann, H.
GABA(A)-receptor expression in glioma cells is triggered by contact with neuronal cells. Eur. J. Neurosci. 2001, 14, 1294-1302.
[CrossRef] [PubMed]

Migliati, E.; Meurice, N.; DuBois, P.; Fang, ].S.; Somasekharan, S.; Beckett, E.; Flynn, G.; Yool, A J. Inhibition of aquaporin-1 and
aquaporin-4 water permeability by a derivative of the loop diuretic bumetanide acting at an internal pore-occluding binding site.
Mol. Pharmacol. 2009, 76, 105-112. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/s41586-019-1563-y
http://doi.org/10.1113/jphysiol.2013.261735
http://doi.org/10.3389/fphys.2013.00185
http://www.ncbi.nlm.nih.gov/pubmed/23882223
http://doi.org/10.1016/j.molmed.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20167536
http://doi.org/10.1152/physrev.00018.2011
http://www.ncbi.nlm.nih.gov/pubmed/23073633
http://doi.org/10.1038/22578
http://doi.org/10.3389/fphys.2018.01661
http://doi.org/10.1371/journal.pone.0057268
http://doi.org/10.1158/0008-5472.CAN-16-2274
http://doi.org/10.1523/JNEUROSCI.21-01-00067.2001
http://doi.org/10.1016/j.celrep.2022.110415
http://doi.org/10.1016/j.toxicon.2013.04.008
http://doi.org/10.1016/j.neuropharm.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25613302
http://doi.org/10.1152/physrev.00021.2009
http://www.ncbi.nlm.nih.gov/pubmed/20086079
http://doi.org/10.1016/j.neuron.2016.02.030
http://www.ncbi.nlm.nih.gov/pubmed/26985723
http://doi.org/10.1523/JNEUROSCI.17-08-02728.1997
http://www.ncbi.nlm.nih.gov/pubmed/9092594
http://doi.org/10.1046/j.0953-816x.2001.01764.x
http://www.ncbi.nlm.nih.gov/pubmed/11703458
http://doi.org/10.1124/mol.108.053744

	Introduction 
	Aquaporins, Ion Channels and Ionotropic Receptors Are Emerging as Therapeutic Targets in GBM 
	Roles of Aquaporins 
	AQPs Show a Conserved Structural Theme, but Differ in Key Properties 
	Aquaporins Initially Classified as Strict Water Channels Facilitate Fluxes of Diverse Substrates 
	Aquaglyceroporins Enable Transmembrane Fluxes of Water and Glycerol, and Other Substrates 
	Aquaporins as Targets for Therapeutic Treatments in GBM 

	Ion Channels as Targets of Interest for Controlling GBM Progression 
	Roles for K+ and Ca2+ Channels in GBM 
	Roles for Acid-Sensing Ion Channels and Volume-Regulated Anion Channels in GBM 

	Ligand-Gated Channels as Pharmacological Targets in GBM Cancer Progression 
	Synopsis of Candidate Signaling Pathways in GBM 
	Conclusions 
	References

