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Simple Summary: Aquaporins are proteins able to regulate the transfer of water and other small
substances such as ions, glycerol, urea, and hydrogen peroxide across cellular membranes. AQPs
provide for a huge variety of physiological phenomena; their alteration provokes several types of
pathologies including cancer and hematological malignancies. Our review presents data revealing
the possibility of employing aquaporins as biomarkers in patients with hematological malignancies
and evaluates the possibility that interfering with the expression of aquaporins could represent an
effective treatment for hematological malignancies.

Abstract: Aquaporins are transmembrane molecules regulating the transfer of water and other com-
pounds such as ions, glycerol, urea, and hydrogen peroxide. Their alteration has been reported in
several conditions such as cancer. Tumor progression might be enhanced by aquaporins in modifying
tumor angiogenesis, cell volume adaptation, proteases activity, cell–matrix adhesions, actin cytoskele-
ton, epithelial–mesenchymal transitions, and acting on several signaling pathways facilitating cancer
progression. Close connections have also been identified between the aquaporins and hematological
malignancies. However, it is difficult to identify a unique action exerted by aquaporins in different
hemopathies, and each aquaporin has specific effects that vary according to the class of aquaporin
examined and to the different neoplastic cells. However, the expression of aquaporins is altered
in cell cultures and in patients with acute and chronic myeloid leukemia, in lymphoproliferative
diseases and in multiple myeloma, and the different expression of aquaporins seems to be able to
influence the efficacy of treatment and could have a prognostic significance, as greater expression of
aquaporins is correlated to improved overall survival in leukemia patients. Finally, we assessed the
possibility that modifying the aquaporin expression using aquaporin-targeting regulators, specific
monoclonal antibodies, and even aquaporin gene transfer could represent an effective therapy of
hematological malignancies.

Keywords: aquaporins; water permeability; cancer; leukemia; lymphoma; myeloma; prognosis;
biomarker; angiogenesis; apoptosis

1. General Considerations on Aquaporins

Aquaporins (AQPs) are water channel transmembrane protein molecules that enable
water transfer throughout the cellular membrane increasing water penetrability; however,
transport rates are also dependent on AQP channel density and subtype-specific single
pore properties [1]. These substances include a group of proteins, which are localized
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in the cell membrane, and 13 different proteins (AQP1–12A, B) have been identified in
humans [1–3]. Furthermore, even if the greater part of the AQPs operate easing the water
passage, some AQPs, such as AQP3, AQP7, and AQP9, also have a relevant effect on
glycerol transport, thus being indicated as aquaglyceroporins [4]. Based on their ability
to accelerate the glycerol transport via the plasma cell membrane, the AQPs are further
classified into aquaporins, aqua-glycerol-porins and super aquaporins [5–12]. In the same
context, AQPs have been correlated with other functions, and some AQPs regulate the
transfer of ions, while maintaining their principal task of water transfer [13,14].

Structural analysis on aquaporins have displayed a conserved aquaporin fold where
six transmembrane helices contain a small water-directing channel in which waters arrange
in a line. A cytoplasmic loop B and an extracellular loop E drop into the membrane from
two different positions sides, producing two smaller helices that institute a seventh pseudo-
transmembrane portion. In the cell membrane, four aquaporin molecules constitute a
homotetramer, thus generating a fifth small channel through its center. This structure is
predominantly hydrophobic and is able to support gas transfer. Beside the water-directing
channel, two other parts are of special relevance: the NPA-part in the central portion of the
channel and the aromatic–arginine (ar/R) part near the extracellular region. The first part is
supposed to have a main effect in the proton exclusion system and contains two copies of a
Asn-Pro-Ala motif. This area is thought to be the aquaporin signature motif. Nevertheless,
several variants are present in the different forms of AQPs, for instance NPC in AQP11,
both of which are positioned intracellularly. Furthermore, it has been proposed that the
NPA motifs are essential for aiming of aquaporins to the plasma membrane. The ar/R
region is composed of arginine and three other amino acids, two of which are conserved in
water-specific aquaporins. This part is the tightest point along the channel and operates
as a filter, stopping anything greater than water. In aquaglyceroporins, the ar/R region
is generally more or less 1 A◦ wider, allowing transport of bigger compounds [15–17]
(Figure 1).
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AQPs structures determine the pore organization that allows specific, bidirectional
transfer of water in some type of AQPs [18], and water and glycerol passage in aquaglyc-
eroporins [19].

Numerous different molecular mechanisms are able to regulate AQPs functions. Mod-
ifications in the speed of transcription of AQP genes can cause variations in protein concen-
trations and modification in membrane permeability. This mechanism is quite longwinded
(hours) as after gene transcription, the proteins have to be transferred from the endoplasmic
reticulum membrane to the cellular membrane. Modifications in cellular localization of
existent proteins can be much quicker. This is due to variations in the speed of internal-
ization via endocytosis and return via recycling endosomes, or by exocytosis. Membrane
transferring can cause modifications in the amount of AQP protein in the cell membrane
leading to variations in water permeability. Furthermore, other mechanisms might be
the onset of variations in the single channel permeability as an effect of post-translational
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variations, such as protein phosphorylation, or to a protein–protein contact, which can
cause modifications in membrane permeability via the so called “gating effect” [20].

AQPs are present in different cells and organs, and based on results provided by
experimental animal models, they might have a relevant action in the pathogenesis of acute
and chronic pulmonary diseases [21–23], and acute renal failure [24].

In addition, AQPs are implicated in cell growth via numerous, different processes,
such as modifications in cell volume, perviousness to glycerol and other small substances,
and modifying the cell cycle. In fact, situations that can modify cell volume alter cell
growth, and increased production of AQP1 or AQP3 provokes a change on the generation
of substances which are critical for the progress of the cell cycle [25,26]. On the other
hand, AQP3-defective cells displayed a reduction in cell growth, which was correlated to a
modified glycerol production, reduced ATP amount, and altered mitogen-activated protein
(MAP) kinase signaling pathway [27,28].

A different mechanism might be the onset of resistance to programmed cell death. A
study performed employing knockdown of AQP1 displayed in a relevant decrease in the
concentration of the antiapoptotic protein Bcl¡2 with a significant increase in the amount
of proapoptotic protein Bax and cleaved caspase 3. These findings suggested that the
function of AQP1 was most probably due to the stimulation of the G1/S cell cycle transition
and to the inhibition of apoptosis [29]. Transfection of PC12 cells, a cell line originated
from a pheochromocytoma of the rat adrenal medulla, with AQP1 cDNA enhanced the
fraction of cells in S and G2/M phases, and this was correlated to augmented production
of cyclin D1 and E1, essential components for cell cycle passage to G1 phase and G1/S
transition [30]. This passage from one phase to another is characterized by an increased
cell volume, while programmed cell death implicates a decrease in cell size [31,32]. In fact,
PC12 cell presenting an enhanced expression of AQP1 show a bigger cellular volume with
respect to the wild-type cell; a study confirmed that the change in cellular form provoked
by an increased presence of AQP1 accelerates cell growth via the progression of the cell
cycle and the reduction in apoptotic dynamics [30] (Figure 2).
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From the above, a role of AQPs in neoplastic pathologies has been proposed. Tumor
progression and diffusion might be enhanced by AQPs in modifying cell size control,
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intermingling with actin cytoskeleton, supporting tumor angiogenesis, modulating cell–cell
and cell–matrix contacts, controlling proteases, participating to the government of epithelial–
mesenchymal transition (EMT), and managing several signaling pathways [33–37].

The effects of AQPs on angiogenesis could constitute a further step of intervention in
neoplastic proliferation as the essential action performed by angiogenic dynamics in the
onset and progression of tumors is well known [38–42].

Moreover, AQP3 has been involved in the EMT process as AQP3 increase after epider-
mal growth factor (EGF) in tumors is concomitant with increased cell motility, diffusion,
and metastasis [43].

AQPs could also play a regulatory role on oxidative stress. In fact, in addition to
the AQPs classes mentioned above, a further group, peroxiporins, exists which includes
paralogs belonging to these groups: AQP 1, 3, 5, 8, 9, and 11. These AQPs have high
hydrogen peroxide (H2O2) permeability and has an effect in ROS scavenging. Some studies
assessed a role of AQP6 in driving the H2O2 efflux from malignant pleural mesothelioma
cells, and this action could justify the resistance of this tumor to conventional chemotherapy
and radiotherapy [44]. Furthermore, AQP3-mediated H2O2 transport has been correlated
to breast cancer cell migration, and AQP5 facilitating transmembrane H2O2 diffusion is
able to modulate cell proliferation of cancer yeast cells in response to oxidative stress. Cell
migration was blocked by AQP3 or AQP5 gene silencing and could be restored by external
oxidative stimuli [45]. These findings demonstrate that AQP5 can have a relevant effect on
cancer cell; by provoking a fine-regulation of intracellular H2O2, AQP5 is able to stimulate
signaling networks correlated to cell growth and survival and to modify cellular resistance
to oxidative stress as well as facilitate cancer cell migration, and represents a promising
target for the development of tumors treatments.

Remarkably, AQPs seem able to change the metabolic functions of cells favoring the
appearance of tumors [46]. An experiment displayed enhanced AQP1 production after
exposure to hypoxia in rat glioblastoma cells; AQP1 expression was correlated with the
degree of glycolysis and this finding suggested that AQP1 generation is stimulated by
hypoxia-induced glycolysis [47]. Indeed, hypoxia-induced AQP1 generation may happen
via the E-Box/ChoRE transcriptional component existent in AQP1 gene promoter, which is
recognized as a factor able to increase gene transcription in reaction to enhanced glucose
usage and metabolism [47–52].

Several experiments have then tried to analyze the intimate molecular mechanisms of
the effects of AQPs. The ability of tumor stem cells for cell growth and differentiation is
due to the action of different signaling pathways [53,54], and AQPs seem to be capable of
modulating the effects of many intracellular signals [55–59] (Figure 3).

From a clinical point of view, it was reported that AQP3 and AQP5 are involved in
the pathophysiology of esophageal, gastric, pancreatic, hepatocellular, colorectal, breast
and cervical cancers [60–69]. In a recent metanalysis, increased production of AQP1and
AQP5 was correlated with reduced survival rate, bad prognosis, and lymph node diffusion;
remarkably, tumor chemotherapy caused AQP decrease [70–73].

An increased generation of AQP3 was also correlated with severity of metaplasia, bad
prognosis, augmented self-renewal, and cancer diffusion, while a decreased generation
of AQP3 was correlated to defective growth of tumor cells, reduced proliferation and
decreased motility and diffusion of tumor cells [72,73].

The studies on the role played by AQPs in the onset and progression of hematological
neoplasms appear less numerous in the literature. The aim of this review was to analyze the
molecular mechanisms that regulate cell proliferation in these pathologies and to evaluate
the possibility that interfering with the expression of AQPs could constitute a valid and
safe treatment option.
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3. AQPs and Hematological Malignancies

Close connections have been identified between the AQPs system and hematopoietic
cells. In fact, it is interesting to note that AQPs could play an important role not only in
hematological neoplasms, but also in the normal hematopoiesis process. Stimulating studies
have analyzed the effect of AQPs in the erythrocyte differentiation using erythroleukemia
cells [74]. A study has displayed that in erythroleukemia HEL and K562(S) cells, the AQP1
transcript expression was stimulated by sodium butyrate, which is a powerful factor for
erythroid differentiation. In addition, a putative butyrate-response component has been
recognized in the promoter sequence of the AQP1 gene. After butyrate-provoked erythroid
differentiation, AQP1 transcript production increased significantly, inducing the occurrence
of water-permeable cells with presence of AQP1 on plasma cell membrane. In addition,
a K562(S) displayed high butyrate-caused expression of functional AQP1, while AQP1
promoter activity was much higher in HEL and K562(S) cells than in nonerythroid cells,
suggesting the existence of erythroid-specific elements [75].

In a different animal erythroleukemia cell line (MEL cells), the AQP1 protein ex-
pression was provoked by dimethyl sulfoxide and corticosteroid [76]. These data were
confirmed by the same group of researchers and could also be important in the frame-
work of erythroleukemia itself. In fact, retinoic acid (RA) could cause differentiation of
erythroleukemia cells in the direction of red blood cells [77], and AQP1 synthesis is par-
ticularly stimulated by RA in HEL cells; both all-trans-RA (ATRA) and 9-cis-RA (9CRA)
intensely stimulated the expression of AQP1 mRNA and protein in a dosage-dependent
modality. AQP1 was mainly present in plasma cell membrane in cells treated with RA. Data
suggested that RAs intensely stimulated the AQP1 gene expression via the RA response
element and delineate a new role in the control of erythropoiesis [78].

However, AQPs may also have an effect in different types of acute myeloid leukemia
(AML), a severe hematologic neoplasia affecting older patients. It is characterized by an
intense clonal proliferation of tumoral myeloid stem cells in the bone marrow, due to
the onset of malignant alteration of hematopoietic stem cells that go through succeeding
genetic changes, finally giving rise to an overt malignancy. Biological features of AML are
enormously composite with relevant genetic, epigenetic, and phenotypic variants, which
differ from each other by molecular and genomic modifications involving genes that are
implicated in cell growth, differentiation and survival [79,80].
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Arsenic trioxide (ATO) is extremely effective for the treatment of acute promyelocytic
leukemia (APL), but it is unable to produce adequate results in other types of AML patients
with non-APL diseases. In fact, the greater part of non-APL AML cells presents small
concentrations of the ATO transporter AQP9 protein, making them less responsive to
ATO administration. Lately, an experiment showed that granulocyte-colony stimulating
factor (G-CSF) can increase the expression of AQP9 [81]. The authors supposed that the
administration of G-CSF may foster the antileukemic action of ATO in non-APL AML cells.
In the report, non-APL AML cell lines including HL-60 and THP-1 were treated with G-CSF,
and then with ATO. The combined use of G-CSF with ATO provoked programmed cell
death more intensely with respect to ATO alone. G-CSF increased the expression of AQP9
and increased the intracellular levels of ATO in AML cells. When AQP9 expression was
enhanced, it significantly boosted the cytotoxic effect of ATO. Conversely, when AQP9 was
reduced, it markedly lowered the cytotoxic action. Moreover, an experiment demonstrated
that the increase in AQP9 by G-CSF is due to the transcription factor CCAAT enhancer
binding protein beta (CEBPB). Interestingly, the study reported that the combined use of
G-CSF and ATO remarkably reduced tumor proliferation in a xenograft animal model [81].
Therefore, the combined employment of G-CSF and ATO increasing AQP9 concentrations
would be a possible therapeutic option for AML subjects. Furthermore, a study confirmed
that the expression of AQP9 was greater in NB4 cells than in THP-1 and HL-60 cells [78].
This may partially clarify the reason why ATO is more efficient in APL than nonM3 AML.
Indeed, the amount of AQP9 mRNA, as evaluated by Q-PCR, was inversely correlated to
cell survival after treatment in 2 µM As2O3 for 48 h [82].

The relationship between the concentrations of AQP9 and response to ATO was
verified in other experiments employing two APL cell lines, HT93A and NB4, and primary
APL cells from APL patients [83]. A greater response to ATO-stimulated programmed
cell death was reported in the NB4 cells with respect to that in HT93A cells. Furthermore,
in NB4 cells, the expression of AQP9 mRNA was reported at a small but measurable
concentration at cycle 33, and increased rapidly with the amplification. Conversely, only a
measurable concentration of AQP9 was reported in the HT93A cells at cycle 39, suggesting
much greater expression quantities of AQP9 mRNA in NB4 cells with respect to HT93A
cells. Moreover, the expression concentrations of AQP9 protein in NB4 and HT93A cells
were evaluated employing flow cytometry, and according with the expression level of
AQP9 mRNA, a much greater expression level of its protein was also reported in the NB4
cells with respect to the amount in the HT93A cells. Finally, similarly to APL cell lines,
the expression of AQP9 was strongly associated with the ATO-mediated stimulation of
programmed cell death in primary APL cells. Contrariwise, no relationship was reported
between ATO response correlated with AQP9 expression amounts and chromosomal
alterations [83]. These findings suggest that the concentrations of AQP9, more than other
different biomarkers, related with the response to ATO in APL cell lines and primary cells
from APL patients. These results also indicate that the AQP9 generation in APL subjects
is a prognostic biomarker for the positive effect of ATO administration, as AQP9 has a
fundamental relevance in multiple arsenite-mediated action on normal and leukemic cells.

A different mechanism by which AQPs may intervene on ATO and ATRA actions on
leukemic cells, is related to isomerase Pin1, a controller of oncogenic signaling, which is
activated in several tumors and is able to stimulate about 43 oncoproteins, disables more
than 20 tumor suppressors, operating as a post-phosphorylation controller of oncogenic
networks [84–88]. Kozono et al. evaluated AQP9 and its relationship with Pin1. AQP9
was identified in ATO-responsive cells, but not in ATO-resistant cells, and AQP9 presence
was inversely related with Pin1 concentration and cell proliferation. ATO’s capability
to block tumor proliferation was positively related with Pin1 degradation and AQP9
presence and Pin1 degradation. To explain the functional impact of AQP9 in modifying
ATO sensitivity, they inhibited AQP9 expression in ATO-sensitive cells and increased
AQP9 in ATO-resistant cells. Silencing AQP9 annulled the capability of ATO to cause
Pin1 degradation and blocked cell proliferation. Contrariwise, AQP9 enhanced expression
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transformed ATO-resistant cells into ATO-sensitive cells in terms of proliferation reduction
and Pin1 degradation. These findings are also confirmed by evaluating cellular ATO uptake
as AQP9 inhibition decreased ATO absorption in ATO-sensitive cells, while increased AQP9
expression fostered ATO uptake in ATO-resistant cells. So, ATO absorption through AQP9
controls the capability to provoke Pin1 degradation and block tumor proliferation [89].

This hypothesis was confirmed in a different study in which AQP9 generation was
analyzed in ATRA-administered HT93A cells. After employment of ATRA for 7 days,
ATRA enhanced AQP9 expression in HT93A cells. ATO also increased AQP9 expression,
but the production was smaller than that reported after ATRA [90] (Table 1).

Table 1. Involvement of AQP9 in the response to drugs employed for the treatment of acute
myeloid leukemia.

Disease Drug Study AQP Effect Mechanism Ref.

AML G-CSF + ATO In vitro (HL-60,
THP-1) AQP9 Apoptosis Increased

intracellular ATO [81]

AML GSF + ATO In vivo xenograft
animal model AQP9 Reduced tumor

proliferation CEBPB [81]

AML (APL) ATO In vitro (HT93A,
NB4) AQP9 Apoptosis [83]

AML ATO + ATRA In vitro AQP9
Reduced

pro-oncogene
effect

Effect on Pin1 [89]

AML
ATO and/or

ATRA and/or
G-CSF

In vitro (HT93A) AQP9 Decreased cell
viability

Increased arsenic
uptake [90]

Acute myeloid leukemia (AML); acute promyelocytic leukemia (APL); arsenic trioxide (ATO); all-trans retinoic
acid (ATRA); Granulocyte colony-stimulating factor (G-CSF); CCAAT enhancer binding protein beta (CEBPB);
Protein interacting with never in mitosis A1 (Pin1).

Other molecular mechanisms have been recognized as essential moments of the effect
exerted by AQPs on leukemic cells, such as their ability to modify the redox homeostasis.
Reactive oxygen species (ROS) can work as regulators in cell signaling systems, and it is
ascertained that an increase in intracellular ROS concentration causes cell proliferation,
participating to tumor progression [91–93]. Amongst ROS, H2O2 is considered the principal
effector in redox signaling owing to its steadiness and capability of diffusion [94].

H2O2 has long been supposed to penetrate through cell membranes by simple diffu-
sion, but new findings revealed an effect of AQPs in determining H2O2 transfer throughout
the biological membranes [95]. In fact, it has been reported that AQP1 is capable to allow the
passage of H2O2 in a rat smooth muscle cell line modulating redox signaling pathways. It
was also reported that AQP3 and AQP8 can regulate H2O2 intracellular concentrations and
are involved in H2O2-controlled signaling in different cell lines [96]. Interestingly, the AQP
types able to allow the passage of H2O2 are also extensively present in blood cells; AQP1
was reported in the erythrocytes, where it is one of the most copious proteins [97–100].

An experiment studied if different AQPs can ease the transfer of Nox-derived H2O2
throughout the cell membrane of leukemia cells modifying several pathways correlated
to cell growth. In this work, authors demonstrated that AQP block provoked a reduc-
tion in intracellular ROS store in leukemia cells both when H2O2 was generated by Nox
enzymes and when it was supplemented. Furthermore, an AQP8 increase or reduction
provoked a different ability of VEGF of causing an H2O2 intracellular level increase or re-
duction [101]. Finally, the report displayed that AQP8 is capable of enhancing H2O2-caused
phosphorylation of PI3K and p38 MAPK and that AQP8 generation modified positively
cell growth.

A different study performed by the same group of researchers clarified the effect of
AQP8 in the redox balance in human leukemia B1647 cells that constitutively generate
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VEGF [102]. AQP8 overexpression or silencing caused a different effect on the modulation
of VEGF capability of increasing or reducing, respectively, H2O2 intracellular concentration.
Moreover, results obtained by a dimedone-based immunochemical technique for sulfenic
acid identification revealed that the generation of AQP8 can regulate the action of redox-
sensitive targets. AQP8 modified VEGF-provoked redox signaling by promoting the
sulfenation of the tumor suppressor PTEN, causing its deactivation and provoking Akt
stimulation [102]. Therefore, this technique allowed the researchers to clarify the effect
of AQP8 on the delicate regulation of cysteine oxidation in target proteins involved in
leukemia cell growth pathways.

However, the actions operated by AQPs on redox systems seem to be absolutely
specific, differing according to the AQP studied. NAD(P)H oxidases seem to be stimulated
within distinct subcellular spaces, and this placement eases a spatially restricted ROS gen-
eration, which, retaining redox-responsive targets in nearness, may allow ROS to stimulate
specific redox signaling effects [103]. As it has been reported in different experimental
models that lipid raft domains include both Nox enzymes and AQP8 [104], it is possible
to conjecture that membrane location has an effect in justifying different behaviors and
comportment of AQP3 and AQP8 in stimulating redox pathways even if both AQPs can
theoretically ease H2O2 absorption.

However, the most significant actions exerted by AQPs in the framework of leukemic
pathologies remain those on signaling pathways, which might also give reason for the
prognostic role in AML patients. An investigation showed that AQP1 works as a tumor
suppressor gene and reduces Wnt signaling by acting with GSK3b, b-catenin, LRP6, and
Axin1 [105].

As far the prognostic value of AQPs, frequent mutated genes in AML subjects include
WT1, FLT3-ITD, NPM1, and CEBPA, which are related to different prognostic impact.
Although new techniques, such as next-generation sequencing, have been employed in
defining risk definition in young and middle-aged leukemic subjects [106], in elderly
AML patients, prognostic stratification is more complex. A different experiment evaluated
the prognostic significance of AQP-1 in aged cytogenetically normal AML (CN-AML)
and elaborated a new scoring based on AQP1 methylation [107]. In the first and second
prognostic group, AQP1 displayed reduced expression in CN-AML with respect to controls,
whereas greater expression of AQP1 and AQP1 promoter hypomethylation were correlated
to improved overall survival (OS). To understand the fundamental mechanisms, the authors
analyzed differentially expressed genes (DEGs) correlated with AQP1 methylation. They
established a three-gene prognostic profile founded on AQP1 methylation, which was
strongly associated with OS. Thus, AQP1 methylation could be employed as a prognostic
marker in aged CN-AML [107].

These results have been confirmed by other studies. A report showed that an increased
expression and hypomethylation of AQP1 was correlated with better OS in aged CN-AML.
Furthermore, to analyze the significance of AQP1 methylation in the outcome of aged
CN-AML, they performed a multi-omics investigation evaluating AQP1 DNA methylation
of non-coding genetic material methylation loci, and several cell signaling pathways.
Notably, they recognized an AQP1-particular methylated site cg09676669 as a possible
diagnostic and prognostic marker for aged CN-AML subjects. Thus, by evaluating the
methylation amount of this specific site, it is possible to calculate the outcome of aged
CN-AML subjects [108].

These considerations have paved the way for a possible therapeutic use of the modu-
lation of AQPs. It is well known that active passage of ions through cell membrane will be
stimulated by osmotic shocks to restore the imposed volumetric change [109,110], and it
is conceivable that tumor and healthy cells may respond differently to the same volume
changing cue. It is well-documented that active cross membrane transport of ions will be
triggered by osmotic shocks to restore (or delay) the imposed volumetric change [109,110],
and it is conceivable that tumor and healthy cells may respond distinctly to the same
volume changing cue.
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In a study, Hui et al. elaborated a system in which specific modifications in the cellular
size can be opportunely caused by changing the voltage put across a Nafion membrane that
divides the culture medium from a reservoir [111]. It was reported that active ion transfer
through the membrane of leukemia K562 cells will not be stimulated by a slow modification
in the extracellular osmolarity. Moreover, when exposed to the identical voltage, tumor
cells will have a 5–10% greater death percentage with respect to normal cells. The authors
demonstrated that this effect is essentially provoked by the increase in AQPs4 expression
in neoplastic cells, while knockout AQP4 cells presented a strongly decreased modification
in the cellular size and cell death [111].

Several compounds of natural origin appear to be also able to modify the production of
AQPs. Among cruciferous vegetables, broccoli holds the greatest level of the glucosinolate
glucoraphanin, which is metabolized by myrosinase, producing sulforaphane (SFN), a
substance which has an antitumoral effect, and neuroprotective and anti-inflammatory
properties, indicating a multiple protective effect [112]. The powerful antitumor action of
SFN is correlated with its capability to influence several different systems which regulate
tumorigenesis. Numerous studies displayed that SFN inhibit tumor onset by blocking
phase I enzymes [113] and stimulating phase II detoxifying enzymes [114]. Furthermore,
SFN inhibits tumor cell growth via the regulation of genes implicated in programmed cell
death, cell cycle arrest, cancer diffusion, and angiogenesis [115–119].

However, SFN cytotoxic actions have also been reported in hematological malignan-
cies [120], and it has been demonstrated that SFN exposure of HL-60 cell line and acute
lymphoblastic leukemia cells stimulated programmed cell death [121–124]. Prata et al.
assessed if SFN could modify AQP8-induced H2O2 transfer and NADPH oxidase (Nox)-
induced H2O2 generation in B1647 cells, a cell line originated from a subject with AML with
a complete erythro-megakaryocytic phenotype [125]. In order to confirm this hypothesis,
B1647 cells were exposed to different SFN levels for 24 h, and the expression of AQP8
was analyzed by RT-PCR and Western blot techniques. Data suggested that AQP8 was
remarkably reduced both at transcriptional and protein level upon cell treatment with
10 µM SFN, whereas 1 or 5 µM SFN did not cause any significant change. Furthermore, the
results obtained by coimmunoprecipitation method suggested that these two molecules
are strictly correlated to each other. Cell exposure to SFN also decreased the production
of peroxiredoxin-1, which is increased in practically all AML forms. Remarkably, SFN
levels capable of provoking these results are reachable by a normal dietary ingestion of
cruciferous vegetables.

The effect exerted by AQPs on myeloid cell proliferation does not seem to be limited
to acute forms of leukemia but is also expressed in chronic forms. Chronic myeloid
leukemia (CML) is a hematological tumors distinguished by the clonal growth of white
blood cells that are derived from the myeloid line in the bone marrow. CML is due to the
t(9;22)(q34;q11) reciprocal translocation between chromosome 9 and 22 that generates the
Philadelphia chromosome. This phenomenon produces the fusion of the Breakpoint Cluster
Region (BCR) gene with the Abelson proto-oncogene 1 (ABL1) gene, causing the BCR::ABL1
fusion gene. The resultant chimeric protein, BCR::ABL1, is a powerful tyrosine-kinase
signaling protein that increases cell growth and decreases programmed cell death, which
in turn provokes the onset of leukemia [126].

Chae et al. evaluated the AQP5 generation profile and its effect in chronic myelogenous
leukemia (CML) [127]. The authors evaluated the expression of AQP5 in CML cells. While
normal bone marrow biopsy samples displayed no expression of AQP5, one third of CML
samples displayed AQP5 expression. Moreover, AQP5 expression level increased with
the occurrence of imatinib mesylate resistance. The authors reported that the enhanced
expression of AQP5 in K562 cells caused increased cell growth, while small interfering
RNA aiming AQP5 decreased cell growth in both K562 and LAMA84 CML cells. Finally,
by immunoblotting and flow cytometry, they demonstrated that phosphorylation of BCR-
ABL1 is fostered in AQP5-overexpressing CML cells and reduced in AQP5 siRNA-treated
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CML cells. Remarkably, caspase 9 activity increased in AQP5 siRNA-treated cells, while
FISH demonstrated no evidence of AQP5 gene amplification in CML from bone marrow.

These results may offer the starting point for a new CML treatment aiming at AQP5.

4. AQPs and Lymphoproliferative Diseases

Lymphomas are a heterogenous set of hematologic malignancies originated from B
cells, T cells or natural killer (NK) cells that generally arise in the lymph nodes or in different
lymphoid structures, but can also happen in numerous other organs. The last classification
of lymphoid tumors identified more than 80 lymphoma forms which vary from each
other as for cytological and histopathological features, immunophenotype, and genomic
alterations. Moreover, lymphomas show a significant biological heterogeneity, which is
mirrored in an equally marked clinical heterogeneity, varying from highly aggressive forms
to indolent ones [128].

AQPs seem to be able to intervene also on the proliferation of lymphoid-type neoplastic
cells. Chronic lymphocytic leukemia (CLL) is a tumoral proliferative condition generally
involving mature B lymphocytes [129,130] and is the most common adult leukemia in the
Western world.

Nuclear Factor of Activated T cells 5 (NFAT5) is the main stimulated transcription
factor after osmotic pressure increase, and it also controls several genes able to modify
many cellular activities. The consequences of NFAT5 on neoplastic proliferation have
been extensively evaluated. A report revealed the presence of enhanced production of
NFAT5 in CLL subjects. In addition, NFAT5 reduction decreased cell growth and promoted
programmed cell death of CLL cells. Other studies displayed NFAT5 controlled AQP5
expression and the phosphorylation of p38 MAPK. The authors also assessed that AQP5
overexpression increase abolished the blocking action of NFAT5 reduction on cell growth
in CLL cells. They also demonstrated STUB1 connected to NFAT5 and stimulated its
destruction. These data suggest the participation of AQP5 and NFAT5 in CLL diffusion
and propose that AQP5 and NFAT5 could operate as a hopeful therapeutic target for CLL
therapy [131].

Still in the framework of chronic lymphoproliferative diseases, an investigation as-
sessed the correlations between AQPs production and the features of blood vessels in
patients affected by diffuse large B-cell primary central nervous system lymphomas [132].
Data displayed that a sustained AQP4 expression was associated with an elevated Ki-67
index and aAQP4 marked tumor and endothelial cells in cytoplasm and plasma membranes.
AQP4 expression was reduced in lymphoma areas with a decreased Ki-67 index where
rare tumor cells were positive to AQP4, and endothelial cells displayed AQP4 expression
on their abluminal side [132]. In general, these results indicate the relevance of AQP4 in
primary central nervous system lymphomas. This AQP might be involved both in cerebral
oedema development and resolution and in lymphoma cell diffusion activity.

An involvement of AQPs has been also reported in primary effusion lymphoma (PEL),
an aggressive AIDS-linked KSHV-associated non-Hodgkin’s lymphoma, which is charac-
terized by the increased production of AQP3 [133]. Employing nimesulide, a notorious
COX-2 specific non-steroid anti-inflammatory drug, a different study reported that nime-
sulide is effective in provoking a reduction in cell growth in PEL, and Burkitt’s lymphoma.
Nimesulide altered p53-LANA-1 protein complexes and stimulated the p53/p21 tumor-
suppressor system. COX-2 inhibition reduced cell survival kinases and PEL-defining genes
such as AQP3, causing cell death and G1 block [134]. An experiment assessed that the
AQP3 gene polymorphism is correlated with an augmented occurrence of Epstein–Barr
virus (EBV)-associated lymphoma (EBVaL), and the homozygous AA genotype is more
commonly reported in subjects who have EBVaL [135].

Finally, AQPs appear to have an effect also in the framework of monoclonal gam-
mopathies by interfering in myelomagenesis. Multiple myeloma (MM) is a tumor of plasma
cells (PCs) that growth and collect within the bone marrow (BM), provoking anemia, renal
failure, hypercalcemia, and lytic lesions. It represents 10–15% of all hematological malig-
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nancies, with a global prevalence of about 160,000 new diagnoses and 100,000 deaths per
year, and a 5-year survival percentage around 50%. PCs are generally postmitotic cells,
derived from B cells within the germinal center. PCs produce immunoglobulin and are
contained in the bone marrow, spleen, and gut BM [136].

Experimental data displayed that bone marrow samples of subjects with active MM
evidence remarkably greater concentrations of AQP1 with respect to those from subjects
with non-active MM, whose concentrations are increased, but to a lower level, than those
of subjects affected by monoclonal gammopathies of undetermined significance (MGUS).
MGUS patients presented the same AQP1 expression than those of subjects affected by
anemia due to vitamin B12 or iron insufficiencies. Immunohistochemistry evaluation of
AQP1 highlighted bone marrow microvessels whose density was remarkably higher in MM
subjects with active disease and always strictly associated with the microvessel area when
evaluated with factor VIII-related antigen/von Willebrand’s factor (FVIII-VWF). Thus, the
data indicated that among plasma cell malignancies, AQP1 expression is specially correlated
with microvessels of MM and that the greatest grade of expression happens in active MM
with increased angiogenesis, in which AQP1 identifies less mature neovessels than FVIII-
VWF [137]. It may, possibly, enhance angiogenesis in positive feedback, and thus, it may
enhance MM progression. This fact must be evaluated for therapeutic vascular targeting.

In fact, the effects exerted by AQPs in MM could be employed for the treatment of the
disease. As reported above, ATO is a compound used for APL therapy. However, several
experiments have reported that ATO can be employed to cure MM, although the response
of MM to ATO is dosage dependent, and the therapeutical results of small dosages are
inadequate [138]. As said in a previous section, several findings indicated that neoplastic
cell response to ATO is correlated to the intracellular arsenic concentration, and AQP9 is
the main element that manages intracellular arsenic content. Curcumin is a secure and
efficacious substance that can increase the antitumor activity of several drugs [139], and
a study assessed if curcumin could enhance ATO effects in MM cells and if this effect
is correlated to the control of intracellular arsenic store [140]. U266 cells were exposed
to curcumin, ATO, curcumin, and the authors evaluated MM cell growth, programmed
cell death, and intracellular arsenic amount. ATO-caused death of U266 cells happened
in a dosage-dependent modality, and the effects at small doses were limited. Curcumin
remarkably increased the cytotoxicity of ATO against U266 cells. The arsenic intracellular
amount in U266 cells in the group treated with both drugs increased with respect to ATO
treatment alone. Remarkably, the AQP9 mRNA protein expression also augmented in
U266 cells [140]. Thus, curcumin can increase the cytotoxic action of ATO on MM cells
by enhancing the intracellular arsenic amount, which may be correlated to the increase in
AQP9 expression.

5. Future Perspectives

Water represents about 50–60% of body mass, and control of water balance is essential
for all existing organisms; AQPs have a main effect in conserving ideal equilibrium and
their modification is capable of provoking relevant diseases [141].

However, even though the dimension and structure of AQP pores are recognized up
to atomic detail, no clinically beneficial pore-inhibiting substances for any AQP have until
now been identified, and their employment is essentially restricted to in vitro or preclinical
experiments [142]. Furthermore, procedural dissimilarities in implementing investigations
may also cause misleading results, and the real efficacy of several AQP controllers is thus
debatable [143].

Despite this, some experimental results appear particularly encouraging, and there
is the possibility to employ AQP-targeting treatments, such as AQP-targeting blockers,
AQP-specific monoclonal antibodies, and even AQP gene transfer is real [144].

For instance, AER-270 is a specific AQP4 blocker, and AER-271, a pro-drug of AER-270,
has been employed in a phase I experiment performed in normal subjects (NCT03804476).
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However, only 20% of block of human AQP4 was described, with respect to 70% maximal
block of rat AQP4 [145].

As mentioned in the previous sections, it was found that curcumin, the functioning
component of the spice turmeric (Curcuma longa Linn), decreased AQP3 production and
diminished cell motility in tumor cells, possibly by its inhibitory action exerted on EGFR
and the protein kinase B/ERK stimulation [146]. In the same way, still in the framework
of natural compounds, realgar-Indigo naturalis formula (RIF) has been reported to be
very efficacious in treating APL. The main elements of RIF are realgar, Salvia miltiorrhiza,
and Indigo naturalis, with tetra-arsenic tetra-sulfide and they can increase the production
of AQP9 and ease the transportation of tetra-arsenic tetra-sulfide into APL cells, which
increases their therapeutic effectiveness [147]. Contrariwise, Bacopa monnieri is a plant
originated from India that is employed in alternative medicinal treatments. The main
components are bacopaside-I and bacopaside-II, which can block AQP1 but not AQP4
activities [148].

Several other molecules seem to be able to control the production and regulate the
effect5 of AQPS [149]. Acetazolamide is theoretically suitable as an angiogenic blocker
by controlling AQP1 activity in different tumor experimental models, and it can also
inhibit xenograft cancer proliferation in nude mice, partially repressing the AQP1 gene
expression [150].

A different blocker is the tetraethylammonium which is a reversible blocker of AQP1,
AQP2, and AQP4 [151]. Conversely, estradiol is a hormone which is able to enhance AQP2
production and considerably fostered the motility, diffusion, growth, and adhesion of
Ishikawa cells (endometrial adenocarcinoma). The employment of the estrogen receptor
inhibitor ICI 182780 was capable of decreasing this action on AQP2 and tumor cells [152].

Furthermore, although Bumetanide demonstrated a small inhibiting action on AQP4,
employing bumetanide as an initial support, some authors developed a new synthetic sub-
stance, AqB013, and displayed that it was an efficacious blocker of AQP1 and AQP4 [153].
AqB011 provoked a dosage-dependent blockade of the AQP1 ion pore but did not exert
any effect on water transfer [154–156]. AqB011 showed encouraging results as a potential
add-on therapy for reducing tumor diffusion, by inhibiting the AQP1 ionic conductance
that eases tumor motility in AQP1-positive tumors [157].

As reported above, the expression concentration of AQP5 was rather greater amongst
subjects with CML who acquired resistance to imatinib mesylate. Yang et al. displayed
that AQP5 protein had a positive correlation with cell proliferation, and the production of
AQP5 could be reduced by cisplatin administration [158].

Different blockers of AQPs are obtained from metals, and several AQPs are blocked
by sulfhydryl-reactive mercurials such as gold and mercury [159], but these elements
are totally non-specific in their effects and extremely toxic. For instance, auphen is a
gold-originated complex which, when employed at dosages of 100 µM, totally inhibits
AQP3-derived glycerol transfer and water transfer by 20% in human erythrocytes [35]. It
also reduces growth in several cell lines by blocking AQP3 glycerol transfer [36].

Other possible inhibitors of AQPs that are heavy metals have also been identified,
including zinc, and copper chelator ATN-22484 [160,161].

Further supposed putative small molecule AQP blockers have come into view from
computational analyses, with several AQP1 inhibitors, and one AQP1 stimulator. Sub-
stances #1, #2, and #3 were recognized by computational evaluation and examining their
ability to inhibit the osmotic enlarging in AQP1-presenting Xenopus oocytes [162]. In
fact, these compounds decreased osmotic swelling by about 80%, but were not able to
block AQP1 in red blood cells. Compound #4 (AqB013), a substance similar to the NKCC1
inhibitor bumetanide was recognized to block both AQP1 and AQP4 [153]. However, this
compound did not exhibit in vivo the expected effects when examined in a brain damage
experimental model [163]. The same group also assessed that an analog of the furosemide,
AqF026, stimulated AQP1 by about 20% in the oocytes [164]. Other substances were stated
to block AQP [165], but their configurations are not drug-like, and they are probably toxic
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compounds. More recently, other compounds were identified but their activities were
extremely irregular [166,167].

Different experimental approaches have been performed to discover molecules capable
of controlling the effect of AQPs. Although the detection of a neutralizing anti-AQP anti-
body is improbable due to its great molecular dimensions and connecting to extracellular
loop places far from the AQP pore, AQP-joining antibodies have been experimented with,
albeit with different applications than cancer treatment. In one experiment, Tradtrantip et al.
produced an anti-AQP4 antibody (“aquaporumab”) in which the antibody Fc portion was
changed to operate on complement- and cell-mediated cytotoxicity [168]. This antibody
was able to prevent in vitro cytotoxicity from neuromyelitis optica patient sera and avoided
demyelination in experimental animal models. Other studies of small molecule blockers
of AQP4-IgG binding to AQP4 selected different compounds, but their affinities were too
small to be employed as drugs [169].

Furthermore, generally, the effects of the analyzed AQP inhibitors have not been
validated on retesting. This is probably due to methodological problems in water transfer,
and to the difficulties in controlling the effects on the pore-containing membrane proteins.
Other problems include the broad allocation of AQPs, the structural similarity of different
AQPS, and the ability of water to bypass barriers [170].

Finally, AQP gene transfer has been also evaluated for clinical treatment of non-
hematological patients for head or neck tumors. Patients were treated with AQP1-cDNA
transfer treatment in a Phase I clinical trial [171]. However, the efficacy and security of this
therapy require more investigation.

6. Conclusions

Clinical and preclinical studies highlighted that AQP expression is modified in a
number of solid and hematological tumors. Thus, in recent years, biological activities and
signaling pathways of AQPs in neoplastic diseases have been assessed in a condition of
AQP modification, employing genetic strategies.

However, though AQPs are proved drug targets, it is uncertain if their blockade
or regulation is capable of causing important clinical effects on hematological patients.
Elaboration of reliable tests to evaluate and validate possible AQP regulators across var-
ious in vitro and in vivo experimental models will clarify the effective potential of these
substances. In any case, pharmacological regulation of AQP activity is considered as an
encouraging approach for bettering hematological malignancy therapy, especially in com-
bined administration with other drugs that could synergistically influence the processes of
angiogenesis, growth, and programmed cell death that sustain tumor progression.

Author Contributions: Conceptualization, A.A., N.C. and S.G.; methodology, C.M.; formal analysis,
G.M. and G.C.; data curation, C.M., G.M. and G.C.; writing—original draft preparation, A.A.; writing—
review and editing, A.A. and A.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: We are grateful to Salvatore Mirabile for his precious collaboration in drawing
up the figures.

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

References
1. Verkman, A. Aquaporins in Clinical Medicine. Annu. Rev. Med. 2012, 63, 303–316. [CrossRef] [PubMed]
2. Verkman, A.S.; Hara-Chikuma, M.; Papadopoulos, M.C. Aquaporins—New players in cancer biology. J. Mol. Med. 2008,

86, 523–529. [CrossRef] [PubMed]
3. Papadopoulos, M.C.; Saadoun, S. Key roles of aquaporins in tumor biology. Biochim. Biophys. Acta 2015, 1848, 2576–2583.

[CrossRef] [PubMed]
4. Rojek, A.; Praetorius, J.; Frøkiaer, J.; Nielsen, S.; Fenton, R.A. A Current View of the Mammalian Aquaglyceroporins. Annu. Rev.

Physiol. 2008, 70, 301–327. [CrossRef]

http://doi.org/10.1146/annurev-med-043010-193843
http://www.ncbi.nlm.nih.gov/pubmed/22248325
http://doi.org/10.1007/s00109-008-0303-9
http://www.ncbi.nlm.nih.gov/pubmed/18311471
http://doi.org/10.1016/j.bbamem.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25204262
http://doi.org/10.1146/annurev.physiol.70.113006.100452


Cancers 2022, 14, 4182 14 of 20

5. Abrami, L.; Berthonaud, V.; Rousselet, G.; Tacnet, F.; Ripoche, P.; Deen, P.M.T. Glycerol permeability of mutant aquaporin 1 and
other AQP-MIP proteins: Inhibition studies. Pflugers Arch. 1996, 431, 408–414. [CrossRef]

6. Echevarría, M.; Windhager, E.E.; Frindt, G. Selectivity of the Renal Collecting Duct Water Channel Aquaporin-3. J. Biol. Chem.
1996, 271, 25079–25082. [CrossRef]

7. Hasegawa, H.; Ma, T.; Skach, W.; Matthay, M.; Verkman, A. Molecular cloning of a mercurial-insensitive water channel expressed
in selected water-transporting tissues. J. Biol. Chem. 1994, 269, 5497–5500. [CrossRef]

8. Lee, M.D.; Bhakta, K.Y.; Raina, S.; Yonescu, R.; Griffin, C.A.; Copeland, N.G.; Gilbert, D.J.; Jenkins, N.A.; Preston, G.M.; Agre, P.
The Human Aquaporin-5 Gene. J. Biol. Chem. 1996, 271, 8599–8604. [CrossRef]

9. Yang, B.; Verkman, A.S. Water and Glycerol Permeabilities of Aquaporins 1–5 and MIP Determined Quantitatively by Expression
of Epitope-tagged Constructs inXenopus Oocytes. J. Biol. Chem. 1997, 272, 16140–16146. [CrossRef]

10. 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]

11. Ishibashi, K.; Kuwahara, M.; Kageyama, Y.; Tohsaka, A.; Marumo, F.; Sasaki, S. Cloning and Functional Expression of a Second
New Aquaporin Abundantly Expressed in Testis. Biochem. Biophys. Res. Commun. 1997, 237, 714–718. [CrossRef]

12. Liu, K.; Nagase, H.; Huang, C.G.; Calamita, G.; Agre, P. Purification and functional characterization of aquaporin-8. Biol. Cell
2006, 98, 153–161. [CrossRef]

13. Wu, B.; Beitz, E. Aquaporins with selectivity for unconventional permeants. Experientia 2007, 64, 2413–2421. [CrossRef]
14. Herrera, M.; Garvin, J.L. Aquaporins as gas channels. Pflugers Arch. 2011, 462, 623–630. [CrossRef]
15. Verkman, A.S.; Mitra, A.K. Structure and function of aquaporin water channels. Am. J. Physiol. Physiol. Renal. 2000, 278, F13–F28.

[CrossRef]
16. Jung, J.; Preston, G.; Smith, B.; Guggino, W.; Agre, P. Molecular structure of the water channel through aquaporin CHIP. The

hourglass model. J. Biol. Chem. 1994, 269, 14648–14654. [CrossRef]
17. Kreida, S.; Törnroth-Horsefield, S. Structural insights into aquaporin selectivity and regulation. Curr. Opin. Struct. Biol. 2015,

33, 126–134. [CrossRef]
18. Sui, H.; Han, B.-G.; Lee, J.K.; Walian, P.J.; Jap, B.K. Structural basis of water-specific transport through the AQP1 water channel.

Nature 2001, 414, 872–878. [CrossRef]
19. Jensen, M.; Tajkhorshid, E.; Schulten, K. The Mechanism of Glycerol Conduction in Aquaglyceroporins. Structure 2001,

9, 1083–1093. [CrossRef]
20. Markou, A.; Unger, L.; Abir-Awan, M.; Saadallah, A.; Halsey, A.; Balklava, Z.; Conner, M.; Törnroth-Horsefield, S.; Greenhill, S.D.;

Conner, A.; et al. Molecular mechanisms governing aquaporin relocalisation. Biochim Biophys Acta Biomembr 2021, 1864, 183853.
[CrossRef]

21. Vassiliou, A.G.; Manitsopoulos, N.; Kardara, M.; Maniatis, N.A.; Orfanos, S.E.; Kotanidou, A. Differential Expression of
Aquaporins in Experimental Models of Acute Lung Injury. Vivo 2018, 31, 885–894. [CrossRef]

22. Pires-Neto, R.C.; Bernardi, F.D.C.; De Araújo, P.A.; Mauad, T.; Dolhnikoff, M. The Expression of Water and Ion Channels in
Diffuse Alveolar Damage Is Not Dependent on DAD Etiology. PLoS ONE 2016, 11, e0166184. [CrossRef]

23. Wang, K.; Feng, Y.-L.; Wen, F.-Q.; Chen, X.-R.; Ou, X.-M.; Xu, D.; Yang, J.; Deng, Z.-P. Decreased expression of human aquaporin-
5 correlated with mucus overproduction in airways of chronic obstructive pulmonary disease. Acta Pharmacol. Sin. 2007,
28, 1166–1174. [CrossRef]

24. Hussein, A.-A.M.; El-Dken, Z.H.; Barakat, N.; Abol-Enein, H. Renal ischaemia/reperfusion injury: Possible role of aquaporins.
Acta Physiol. 2011, 204, 308–316. [CrossRef] [PubMed]

25. Galán-Cobo, A.; Ramírez-Lorca, R.; Serna, A.; Echevarría, M. Overexpression of AQP3 Modifies the Cell Cycle and the Proliferation
Rate of Mammalian Cells in Culture. PLoS ONE 2015, 10, e0137692. [CrossRef] [PubMed]

26. Cobo, A.G.; Lorca, R.R.; Toledo-Aral, J.J.; Echevarría, M. Aquaporin-1 plays important role in proliferation by affecting cell cycle
progression. J. Cell. Physiol. 2015, 231, 243–256. [CrossRef]

27. Hara-Chikuma, M.; Verkman, A.S. Prevention of Skin Tumorigenesis and Impairment of Epidermal Cell Proliferation by Targeted
Aquaporin-3 Gene Disruption. Mol. Cell. Biol. 2008, 28, 326–332. [CrossRef]

28. Marlar, S.; Jensen, H.H.; Login, F.H.; Nejsum, L.N. Aquaporin-3 in Cancer. Int. J. Mol. Sci. 2017, 18, 2106. [CrossRef] [PubMed]
29. Wu, Z.; Li, S.; Liu, J.; Shi, Y.; Wang, J.; Chen, D.; Luo, L.; Qian, Y.; Huang, X.; Wang, H. RNAi-mediated silencing of AQP1

expression inhibited the proliferation, invasion and tumorigenesis of osteosarcoma cells. Cancer Biol. Ther. 2015, 16, 1332–1340.
[CrossRef] [PubMed]

30. Galan-Cobo, A.; Ramirez-Lorca, R.; Echevarria, M. Role of aquaporins in cell proliferation: What else beyond water permeability?
Channels 2016, 10, 185–201. [CrossRef] [PubMed]

31. Kunzelmann, K. Ion Channels and Cancer. J. Membr. Biol. 2005, 205, 159–173. [CrossRef]
32. Pedersen, S.F.; Hoffmann, E.K.; Novak, I. Cell volume regulation in epithelial physiology and cancer. Front. Physiol. 2013, 4, 233.

[CrossRef]
33. De Ieso, M.L.; Yool, A.J. Mechanisms of Aquaporin-Facilitated Cancer Invasion and Metastasis. Front. Chem. 2018, 6, 135.

[CrossRef]
34. Delporte, C.; Chen, Z.J.; Baum, B.J. Aquaporin 1 Expression during the Cell Cycle in A5 Cells. Biochem. Biophys. Res. Commun.

1996, 228, 223–228. [CrossRef]

http://doi.org/10.1007/BF02207279
http://doi.org/10.1074/jbc.271.41.25079
http://doi.org/10.1016/S0021-9258(17)37486-0
http://doi.org/10.1074/jbc.271.15.8599
http://doi.org/10.1074/jbc.272.26.16140
http://doi.org/10.1006/geno.1998.5552
http://doi.org/10.1006/bbrc.1997.7219
http://doi.org/10.1042/BC20050026
http://doi.org/10.1007/s00018-007-7163-2
http://doi.org/10.1007/s00424-011-1002-x
http://doi.org/10.1152/ajprenal.2000.278.1.F13
http://doi.org/10.1016/S0021-9258(17)36674-7
http://doi.org/10.1016/j.sbi.2015.08.004
http://doi.org/10.1038/414872a
http://doi.org/10.1016/S0969-2126(01)00668-2
http://doi.org/10.1016/j.bbamem.2021.183853
http://doi.org/10.21873/invivo.11143
http://doi.org/10.1371/journal.pone.0166184
http://doi.org/10.1111/j.1745-7254.2007.00608.x
http://doi.org/10.1111/j.1748-1716.2011.02372.x
http://www.ncbi.nlm.nih.gov/pubmed/21992594
http://doi.org/10.1371/journal.pone.0137692
http://www.ncbi.nlm.nih.gov/pubmed/26367709
http://doi.org/10.1002/jcp.25078
http://doi.org/10.1128/MCB.01482-07
http://doi.org/10.3390/ijms18102106
http://www.ncbi.nlm.nih.gov/pubmed/28991174
http://doi.org/10.1080/15384047.2015.1070983
http://www.ncbi.nlm.nih.gov/pubmed/26176849
http://doi.org/10.1080/19336950.2016.1139250
http://www.ncbi.nlm.nih.gov/pubmed/26752515
http://doi.org/10.1007/s00232-005-0781-4
http://doi.org/10.3389/fphys.2013.00233
http://doi.org/10.3389/fchem.2018.00135
http://doi.org/10.1006/bbrc.1996.1645


Cancers 2022, 14, 4182 15 of 20

35. Martins, A.P.; Marrone, A.; Ciancetta, A.; Cobo, A.G.; Echevarría, M.; Moura, T.F.; Re, N.; Casini, A.; Soveral, G. Targeting
Aquaporin Function: Potent Inhibition of Aquaglyceroporin-3 by a Gold-Based Compound. PLoS ONE 2012, 7, e37435. [CrossRef]

36. Serna, A.; Galán-Cobo, A.; Rodrigues, C.; Sánchez-Gomar, I.; Toledo-Aral, J.J.; Moura, T.F.; Casini, A.; Soveral, G.; Echevarría, M.
Functional Inhibition of Aquaporin-3 With a Gold-Based Compound Induces Blockage of Cell Proliferation. J. Cell. Physiol. 2014,
229, 1787–1801. [CrossRef]

37. Shimizu, H.; Shiozaki, A.; Ichikawa, D.; Fujiwara, H.; Konishi, H.; Ishii, H.; Komatsu, S.; Kubota, T.; Okamoto, K.; Kishimoto, M.;
et al. The expression and role of Aquaporin 5 in esophageal squamous cell carcinoma. J. Gastroenterol. 2013, 49, 655–666.
[CrossRef]

38. Allegra, A.; Casciaro, M.; Barone, P.; Musolino, C.; Gangemi, S. Epigenetic Crosstalk between Malignant Plasma Cells and the
Tumour Microenvironment in Multiple Myeloma. Cancers 2022, 14, 2597. [CrossRef] [PubMed]

39. Alonci, A.; Allegra, A.; Bellomo, G.; Penna, G.; D’Angelo, A.; Quartarone, E.; Musolino, C. Evaluation of circulating endothelial
cells, VEGF and VEGFR2 serum levels in patients with chronic myeloproliferative diseases. Hematol. Oncol. 2008, 26, 235–239.
[CrossRef]

40. Allegra, A.; Coppolino, G.; Bolignano, D.; Giacobbe, M.S.; Alonci, A.; D’Angelo, A.; Bellomo, G.; Teti, D.; Loddo, S.; Musolino, C.;
et al. Endothelial progenitor cells: Pathogenetic role and therapeutic perspectives. J. Nephrol. 2009, 22, 463–475. [PubMed]

41. Pan, H.; Sun, C.-C.; Zhou, C.-Y.; Huang, H.-F. Expression of aquaporin-1 in normal, hyperplasic, and carcinomatous endometria.
Int. J. Gynecol. Obstet. 2008, 101, 239–244. [CrossRef] [PubMed]

42. Esteva-Font, C.; Jin, B.; Verkman, A.S. Aquaporin-1 gene deletion reduces breast tumor growth and lung metastasis in tumor-
producing MMTV-PyVT mice. FASEB J. 2013, 28, 1446–1453. [CrossRef]

43. Li, A.; Lu, D.; Zhang, Y.; Li, J.; Fang, Y.; Li, F.; Sun, J. Critical role of aquaporin-3 in epidermal growth factor-induced migration of
colorectal carcinoma cells and its clinical significance. Oncol. Rep. 2012, 29, 535–540. [CrossRef] [PubMed]

44. Pellavio, G.; Martinotti, S.; Patrone, M.; Ranzato, E.; Laforenza, U. Aquaporin-6 May Increase the Resistance to Oxidative Stress of
Malignant Pleural Mesothelioma Cells. Cells 2022, 11, 1892. [CrossRef] [PubMed]

45. Rodrigues, C.; Pimpão, C.; Mósca, 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]

46. Wilson, W.R.; Hay, M.P. Targeting hypoxia in cancer therapy. Nat. Rev. Cancer 2011, 11, 393–410. [CrossRef]
47. Hayashi, Y.; Edwards, N.A.; Proescholdt, M.A.; Oldfield, E.H.; Merrill, M.J. Regulation and Function of Aquaporin-1 in Glioma

Cells. Neoplasia 2007, 9, 777–787. [CrossRef]
48. Potter, C.P.S.; Harris, A.L. Diagnostic, prognostic and therapeutic implications of carbonic anhydrases in cancer. Br. J. Cancer 2003,

89, 2–7. [CrossRef]
49. Foufelle, F.; Girard, J.; Ferré, P. Glucose regulation of gene expression. Curr. Opin. Clin. Nutr. Metab. Care 1998, 1, 323–328.

[CrossRef]
50. Dentin, R.; Denechaud, P.-D.; Benhamed, F.; Girard, J.; Postic, C. Hepatic Gene Regulation by Glucose and Polyunsaturated Fatty

Acids: A Role for ChREBP. J. Nutr. 2006, 136, 1145–1149. [CrossRef]
51. Kim, J.-W.; Zeller, K.I.; Wang, Y.; Jegga, A.G.; Aronow, B.J.; O’Donnell, K.A.; Dang, C.V. Evaluation of Myc E-Box Phylogenetic

Footprints in Glycolytic Genes by Chromatin Immunoprecipitation Assays. Mol. Cell. Biol. 2004, 24, 5923–5936. [CrossRef]
52. Tomita, Y.; Dorward, H.; Yool, A.J.; Smith, E.; Townsend, A.R.; Price, T.J.; Hardingham, J.E. Role of Aquaporin 1 Signalling in

Cancer Development and Progression. Int. J. Mol. Sci. 2017, 18, 299. [CrossRef]
53. Koury, J.; Zhong, L.; Hao, J. Targeting Signaling Pathways in Cancer Stem Cells for Cancer Treatment. Stem Cells Int. 2017,

2017, 2925869. [CrossRef]
54. Yang, L.; Shi, P.; Zhao, G.; Xu, J.; Peng, W.; Zhang, J.; Zhang, G.; Wang, X.; Dong, Z.; Chen, F.; et al. Targeting Cancer Stem Cell

Pathways for Cancer Therapy. Signal Transduct. Target. Ther. 2020, 5, 8. [CrossRef]
55. Liu, C.; Liu, L.; Zhang, Y.; Jing, H. Molecular mechanism of AQP3 in regulating differentiation and apoptosis of lung cancer stem

cells through Wnt/GSK3beta/beta-Catenin pathway. J. BUON 2020, 25, 1714–1720. [PubMed]
56. Zheng, X.; Li, C.; Yu, K.; Shi, S.; Chen, H.; Qian, Y.; Mei, Z. Aquaporin-9, mediated by IGF2, suppresses liver cancer stem cell

properties via augmenting ROS/beta-Catenin/FOXO3a signalling. Mol. Canc. Res. 2020, 18, 992–1003. [CrossRef]
57. Wang, Y.; Wu, G.; Fu, X.; Xu, S.; Wang, T.; Zhang, Q.; Yang, Y. Aquaporin 3 maintains the stemness of CD133þ hepatocellular

carcinoma cells by activating STAT3. Cell Death Dis. 2019, 10, 465. [CrossRef]
58. Chen, J.; Wang, T.; Zhou, Y.-C.; Gao, F.; Zhang, Z.-H.; Xu, H.; Wang, S.-L.; Shen, L.-Z. Aquaporin 3 promotes epithelial-

mesenchymal transition in gastric cancer. J. Exp. Clin. Cancer Res. 2014, 33, 38. [CrossRef]
59. Li, Z.; Li, B.; Zhang, L.; Chen, L.; Sun, G.; Zhang, Q.; Wang, J.; Zhi, X.; Wang, L.; Xu, Z.; et al. The proliferation impairment

induced by AQP3 deficiency is the result of glycerol uptake and metabolism inhibition in gastric cancer cells. Tumor Biol. 2016,
37, 9169–9179. [CrossRef]

60. Liu, S.; Zhang, S.; Jiang, H.; Yang, Y.; Jiang, Y. Co-expression of AQP3 and AQP5 in esophageal squamous cell carcinoma correlates
with aggressive tumor progression and poor prognosis. Med Oncol. 2013, 30, 636. [CrossRef]

61. Kusayama, M.; Wada, K.; Nagata, M.; Ishimoto, S.; Takahashi, H.; Yoneda, M.; Nakajima, A.; Okura, M.; Kogo, M.; Kamisaki, Y.
Critical role of aquaporin 3 on growth of human esophageal and oral squamous cell carcinoma. Cancer Sci. 2011, 102, 1128–1136.
[CrossRef]

http://doi.org/10.1371/journal.pone.0037435
http://doi.org/10.1002/jcp.24632
http://doi.org/10.1007/s00535-013-0827-9
http://doi.org/10.3390/cancers14112597
http://www.ncbi.nlm.nih.gov/pubmed/35681577
http://doi.org/10.1002/hon.865
http://www.ncbi.nlm.nih.gov/pubmed/19662601
http://doi.org/10.1016/j.ijgo.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18313673
http://doi.org/10.1096/fj.13-245621
http://doi.org/10.3892/or.2012.2144
http://www.ncbi.nlm.nih.gov/pubmed/23165320
http://doi.org/10.3390/cells11121892
http://www.ncbi.nlm.nih.gov/pubmed/35741021
http://doi.org/10.3390/cancers11070932
http://www.ncbi.nlm.nih.gov/pubmed/31277235
http://doi.org/10.1038/nrc3064
http://doi.org/10.1593/neo.07454
http://doi.org/10.1038/sj.bjc.6600936
http://doi.org/10.1097/00075197-199807000-00002
http://doi.org/10.1093/jn/136.5.1145
http://doi.org/10.1128/MCB.24.13.5923-5936.2004
http://doi.org/10.3390/ijms18020299
http://doi.org/10.1155/2017/2925869
http://doi.org/10.1038/s41392-020-0110-5
http://www.ncbi.nlm.nih.gov/pubmed/33099905
http://doi.org/10.1158/1541-7786.MCR-19-1180
http://doi.org/10.1038/s41419-019-1712-0
http://doi.org/10.1186/1756-9966-33-38
http://doi.org/10.1007/s13277-015-4753-8
http://doi.org/10.1007/s12032-013-0636-2
http://doi.org/10.1111/j.1349-7006.2011.01927.x


Cancers 2022, 14, 4182 16 of 20

62. Yoshida, T.; Hojo, S.; Sekine, S.; Sawada, S.; Okumura, T.; Nagata, T.; Shimada, Y.; Tsukada, K. Expression of aquaporin-1 is a poor
prognostic factor for stage II and III colon cancer. Mol. Clin. Oncol. 2013, 1, 953–958. [CrossRef] [PubMed]

63. Huang, Y.; Zhu, Z.; Sun, M.; Wang, J.; Guo, R.; Shen, L.; Wu, W. Critical role of aquaporin-3 in the human epidermal growth
factor-induced migration and proliferation in the human gastric adenocarcinoma cells. Cancer Biol. Ther. 2010, 9, 1000–1007.
[CrossRef] [PubMed]

64. Magouliotis, D.E.; Tasiopoulou, V.S.; Dimas, K.; Sakellaridis, N.; Svokos, K.A.; Svokos, A.A.; Zacharoulis, D. Transcriptomic
analysis of the Aquaporin (AQP) gene family interactome identifies a molecular panel of four prognostic markers in patients with
pancreatic ductal adenocarcinoma. Pancreatology 2019, 19, 436–442. [CrossRef] [PubMed]

65. 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] [PubMed]

66. Shi, Z.; Zhang, T.; Luo, L.; Zhao, H.; Cheng, J.; Xiang, J.; Zhao, C. Aquaporins in human breast cancer: Identification and
involvement in carcinogenesis of breast cancer. J. Surg. Oncol. 2011, 106, 267–272. [CrossRef]

67. Lee, S.J.; Chae, Y.S.; Kim, J.G.; Kim, W.W.; Jung, J.H.; Park, H.Y.; Jeong, J.Y.; Park, J.-Y.; Jung, H.J.; Kwon, T.-H. AQP5 Expression
Predicts Survival in Patients with Early Breast Cancer. Ann. Surg. Oncol. 2013, 21, 375–383. [CrossRef]

68. Chen, R.; Shi, Y.; Amiduo, R.; Tuokan, T.; Suzuk, L. Expression and Prognostic Value of Aquaporin 1, 3 in Cervical Carcinoma in
Women of Uygur Ethnicity from Xinjiang, China. PLoS ONE 2014, 9, e98576. [CrossRef]

69. Magouliotisa, D.E.; Tasiopouloub, V.S.; Svokosc, A.A.; Svokos, K.A. Aquaporins in health and disease. Adv. Clin. Chem. 2020,
98, 149–171.

70. Moosavi, M.-S.; Elham, Y. Aquaporins 1, 3 and 5 in Different Tumors, their Expression, Prognosis Value and Role as New
Therapeutic Targets. Pathol. Oncol. Res. 2019, 26, 615–625. [CrossRef]

71. Jensena, H.H.; Logina, F.H.; Koffmand, J.S.; Kwonc, T.-H.; Nejsum, L.N. The role of aquaporin-5 in cancer cell migration: A
potential active participant. Int. J. Biochem. Cell Biol. 2016, 79, 271–276. [CrossRef]

72. Zhou, Y.; Wang, Y.; Wen, J.; Zhao, H.; Dong, X.; Zhang, Z.; Wang, S.; Shen, L. Aquaporin 3 promotes the stem-like properties of
gastric cancer cells via Wnt/GSK-3β/β-catenin pathway. Oncotarget 2016, 7, 16529. [CrossRef]

73. Otto, W.; Rubenwolf, P.C.; Burger, M.; Fritsche, H.-M.; Rößler, W.; May, M.; Hartmann, A.; Hofstädter, F.; Wieland, W.F.;
Denzinger, S. Loss of aquaporin 3 protein expression constitutes an independent prognostic factor for progression-free survival:
An immunohistochemical study on stage pT1 urothelial bladder cancer. BMC Cancer 2012, 12, 459. [CrossRef]

74. Fagnan, A.; Bagger, F.O.; Piqué-Borràs, M.-R.; Ignacimouttou, C.; Caulier, A.; Lopez, C.K.; Robert, E.; Uzan, B.; Gelsi-Boyer, V.;
Aid, Z.; et al. Human erythroleukemia genetics and transcriptomes identify master transcription factors as functional disease
drivers. Blood 2020, 136, 698–714. [CrossRef]

75. Umenishi, F.; Verkman, A. Isolation of the Human Aquaporin-1 Promoter and Functional Characterization in Human Ery-
throleukemia Cell Lines. Genomics 1998, 47, 341–349. [CrossRef]

76. Moon, C.; King, L.S.; Agre, P. Aqp1 expression in erythroleukemia cells: Genetic regulation of glucocorticoid and chemical
induction. Am. J. Physiol. Physiol. 1997, 273, C1562–C1570. [CrossRef]

77. Douer, D.; Koeffler, H.P. Retinoic acid enhances growth of human early erythroid progenitor cells in vitro. J. Clin. Investig. 1982,
69, 1039–1041. [CrossRef]

78. Umenishi, F.; Schrier, R.W. Induction of human aquaporin-1 gene by retinoic acid in human erythroleukemia HEL cells. Biochem.
Biophys. Res. Commun. 2002, 293, 913–917. [CrossRef]

79. Bhattacharjee, R.; Ghosh, S.; Nath, A.; Basu, A.; Biswas, O.; Patil, C.R.; Kundu, C.N. Theragnostic strategies harnessing the
self-renewal pathways of stem-like cells in the acute myeloid leukemia. Crit. Rev. Oncol. 2022, 177, 103753. [CrossRef]

80. Zhao, X.; Liu, H.-Q.; Wang, L.-N.; Yang, L.; Liu, X.-L. Current and emerging molecular and epigenetic disease entities in acute
myeloid leukemia and a critical assessment of their therapeutic modalities. Semin. Cancer Biol. 2022, 83, 121–135. [CrossRef]

81. Fu, W.; Zhu, G.; Xu, L.; Liu, J.; Han, X.; Wang, J.; Wang, X.; Hou, J.; Zhao, H.; Zhong, H. G-CSF upregulates the expression of
aquaporin-9 through CEBPB to enhance the cytotoxic activity of arsenic trioxide to acute myeloid leukemia cells. Cancer Cell Int.
2022, 22, 195. [CrossRef] [PubMed]

82. Leung, J.; Pang, A.; Yuen, W.-H.; Kwong, Y.-L.; Tse, E.W.C. Relationship of expression of aquaglyceroporin 9 with arsenic uptake
and sensitivity in leukemia cells. Blood 2006, 109, 740–746. [CrossRef] [PubMed]

83. Iriyama, N.; Yuan, B.; Yoshino, Y.; Hatta, Y.; Horikoshi, A.; Aizawa, S.; Takeuchi, J.; Toyoda, H. Aquaporin 9, a promising predictor
for the cytocidal effects of arsenic trioxide in acute promyelocytic leukemia cell lines and primary blasts. Oncol. Rep. 2013,
29, 2362–2368. [CrossRef] [PubMed]

84. Lu, Z.; Hunter, T. Pin1 and cancer. Cell Res. 2014, 24, 1033–1049. [CrossRef]
85. Sun, H.-L.; Cui, R.; Zhou, J.; Teng, K.-Y.; Hsiao, Y.-H.; Nakanishi, K.; Fassan, M.; Luo, Z.; Shi, G.; Tili, E.; et al. ERK Activation

Globally Downregulates miRNAs through Phosphorylating Exportin-5. Cancer Cell 2016, 30, 723–736. [CrossRef]
86. Luo, M.-L.; Gong, C.; Chen, C.-H.; Lee, D.Y.; Hu, H.; Huang, P.; Yao, Y.; Guo, W.; Reinhardt, F.; Wulf, G.; et al. Prolyl Isomerase

Pin1 Acts Downstream of miR200c to Promote Cancer Stem–like Cell Traits in Breast Cancer. Cancer Res. 2014, 74, 3603–3616.
[CrossRef]

87. Luo, M.L.; Gong, C.; Chen, C.H.; Hu, H.; Huang, P.; Zheng, M.; Yao, Y.; Wei, S.; Wulf, G.; Lieberman, J.; et al. The Rab2A GTPase
is a breast cancer stem-promoting gene that enhances tumorigenesis via activating Erk signaling. Cell Rep. 2015, 11, 111–124.
[CrossRef]

http://doi.org/10.3892/mco.2013.165
http://www.ncbi.nlm.nih.gov/pubmed/24649276
http://doi.org/10.4161/cbt.9.12.11705
http://www.ncbi.nlm.nih.gov/pubmed/20364107
http://doi.org/10.1016/j.pan.2019.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30826259
http://doi.org/10.1155/2013/206525
http://www.ncbi.nlm.nih.gov/pubmed/24224160
http://doi.org/10.1002/jso.22155
http://doi.org/10.1245/s10434-013-3317-7
http://doi.org/10.1371/journal.pone.0098576
http://doi.org/10.1007/s12253-019-00646-9
http://doi.org/10.1016/j.biocel.2016.09.005
http://doi.org/10.18632/oncotarget.7664
http://doi.org/10.1186/1471-2407-12-459
http://doi.org/10.1182/blood.2019003062
http://doi.org/10.1006/geno.1997.5125
http://doi.org/10.1152/ajpcell.1997.273.5.C1562
http://doi.org/10.1172/JCI110507
http://doi.org/10.1016/S0006-291X(02)00316-9
http://doi.org/10.1016/j.critrevonc.2022.103753
http://doi.org/10.1016/j.semcancer.2020.11.010
http://doi.org/10.1186/s12935-022-02613-y
http://www.ncbi.nlm.nih.gov/pubmed/35590355
http://doi.org/10.1182/blood-2006-04-019588
http://www.ncbi.nlm.nih.gov/pubmed/16968895
http://doi.org/10.3892/or.2013.2388
http://www.ncbi.nlm.nih.gov/pubmed/23563754
http://doi.org/10.1038/cr.2014.109
http://doi.org/10.1016/j.ccell.2016.10.001
http://doi.org/10.1158/0008-5472.CAN-13-2785
http://doi.org/10.1016/j.celrep.2015.03.002


Cancers 2022, 14, 4182 17 of 20

88. Rustighi, A.; Zannini, A.; Tiberi, L.; Sommaggio, R.; Piazza, S.; Sorrentino, G.; Nuzzo, S.; Tuscano, A.; Eterno, V.; Benvenuti, F.;
et al. Prolyl-isomerase Pin1 controls normal and cancer stem cells of the breast. EMBO Mol. Med. 2013, 6, 99–119. [CrossRef]

89. Kozono, S.; Lin, Y.-M.; Seo, H.-S.; Pinch, B.; Lian, X.; Qiu, C.; Herbert, M.K.; Chen, C.-H.; Tan, L.; Gao, Z.J.; et al. Arsenic targets
Pin1 and cooperates with retinoic acid to inhibit cancer-driving pathways and tumor-initiating cells. Nat. Commun. 2018, 9, 3069.
[CrossRef]

90. Iriyama, N.; Yuan, B.; Hatta, Y.; Horikoshi, A.; Yoshino, Y.; Toyoda, H.; Aizawa, S.; Takeuchi, J. Granulocyte colony-stimulating
factor potentiates differentiation induction by all-trans retinoic acid and arsenic trioxide and enhances arsenic uptake in the acute
promyelocytic leukemia cell line HT93A. Oncol. Rep. 2012, 28, 1875–1882. [CrossRef]

91. Musolino, C.; Allegra, A.; Saija, A.; Alonci, A.; Russo, S.; Spatari, G.; Penna, G.; Gerace, D.; Cristani, M.; David, A.; et al. Changes
in advanced oxidation protein products, advanced glycation end products, and s-nitrosylated proteins, in patients affected by
polycythemia vera and essential thrombocythemia. Clin. Biochem. 2012, 45, 1439–1443. [CrossRef]

92. Gangemi, S.; Allegra, A.; Alonci, A.; Cristani, M.; Russo, S.; Speciale, A.; Penna, G.; Spatari, G.; Cannavò, A.; Bellomo, G.; et al.
Increase of novel biomarkers for oxidative stress in patients with plasma cell disorders and in multiple myeloma patients with
bone lesions. Agents Actions 2012, 61, 1063–1067. [CrossRef]

93. Allegra, A.; Petrarca, C.; Di Gioacchino, M.; Casciaro, M.; Musolino, C.; Gangemi, S. Modulation of Cellular Redox Parameters for
Improving Therapeutic Responses in Multiple Myeloma. Antioxidants 2022, 11, 455. [CrossRef]

94. Bienert, G.P.; Schjoerring, J.K.; Jahn, T.P. Membrane transport of hydrogen peroxide. Biochim. Biophys. Acta 2006, 1758, 994–1003.
[CrossRef]

95. King, L.S.; Kozono, D.; Agre, P. From structure to disease: The evolving tale of aquaporin biology. Nat. Rev. Mol. Cell Biol. 2004,
5, 687–698. [CrossRef]

96. 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]

97. Agre, P. The aquaporin water channels. Proc. Am. Thorac. Soc. 2006, 3, 5–13. [CrossRef]
98. Agre, P.; Smith, B.; Preston, G. ABH and Colton blood group antigens on Aquaporin-1, the human red cell water channel protein.

Transfus. Clin. Biol. 1995, 2, 303–308. [CrossRef]
99. Roudier, N.; Ripoche, P.; Gane, P.; Le Pennec, P.Y.; Daniels, G.; Cartron, J.-P.; Bailly, P. AQP3 Deficiency in Humans and the

Molecular Basis of a Novel Blood Group System, GIL. J. Biol. Chem. 2002, 277, 45854–45859. [CrossRef]
100. Kingsley, P.D.; Greenfest-Allen, E.; Frame, J.M.; Bushnell, T.P.; Malik, J.; McGrath, K.E.; Stoeckert, C.J., Jr.; Palis, J. Ontogeny of

erythroid gene expression. Blood 2012, 121, e5–e13. [CrossRef]
101. Dalla Sega, F.V.; 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] [PubMed]

102. Sega, F.V.D.; Prata, C.; Zambonin, L.; Angeloni, C.; Rizzo, B.; Hrelia, S.; Fiorentini, D. Intracellular cysteine oxidation is modulated
by aquaporin-8-mediated hydrogen peroxide channeling in leukaemia cells. BioFactors 2016, 43, 232–242. [CrossRef] [PubMed]

103. Ushio-Fukai, M. Compartmentalization of Redox Signaling Through NADPH Oxidase–Derived ROS. Antioxid. Redox Signal 2009,
11, 1289–1299. [CrossRef] [PubMed]

104. Li, H.; Han, W.; Villar, V.A.M.; Keever, L.B.; Lu, Q.; Hopfer, U.; Quinn, M.T.; Felder, R.A.; Jose, P.A.; Yu, P. D1-Like Receptors
Regulate NADPH Oxidase Activity and Subunit Expression in Lipid Raft Microdomains of Renal Proximal Tubule Cells.
Hypertension 2009, 53, 1054–1061. [CrossRef]

105. Wang, W.; Li, F.; Sun, Y.; Lei, L.; Zhou, H.; Lei, T.; Xia, Y.; Verkman, A.S.; Yang, B. Aquaporin-1 retards renal cyst development in
polycystic kidney disease by inhibition of Wnt signaling. FASEB J. 2015, 29, 1551–1563. [CrossRef]

106. Metzeler, K.H.; Herold, T.; Rothenberg-Thurley, M.; Amler, S.; Sauerland, M.C.; Görlich, D.; Schneider, S.; Konstandin, N.P.;
Dufour, A.; Bräundl, K.; et al. Spectrum and prognostic relevance of driver gene mutations in acute myeloid leukemia. Blood 2016,
128, 686–698. [CrossRef]

107. Yin, X.; Huang, H.; Huang, S.; Xu, A.; Fan, F.; Luo, S.; Yan, H.; Chen, L.; Sun, C.; Hu, Y. A Novel Scoring System for Risk
Assessment of Elderly Patients With Cytogenetically Normal Acute Myeloid Leukemia Based on Expression of Three AQP1 DNA
Methylation-Associated Genes. Front. Oncol. 2020, 10, 566. [CrossRef]

108. Ahsan, F.; Shabbir, A.; Shahzad, M.; Mobashar, A.; Sharif, M.; Basheer, M.I.; Tareen, R.B.; Syed, N.-I. Amelioration of allergic
asthma by Ziziphora clinopodioides via upregulation of aquaporins and downregulation of IL4 and IL5. Respir. Physiol. Neurobiol.
2019, 266, 39–46. [CrossRef]

109. Hoffmann, E.K.; Lambert, I.H.; Pedersen, S.F. Physiology of Cell Volume Regulation in Vertebrates. Physiol. Rev. 2009, 89, 193–277.
[CrossRef]

110. Lang, F. Mechanisms and Significance of Cell Volume Regulation. J. Am. Coll. Nutr. 2007, 26, 613S–623S. [CrossRef]
111. Hui, T.H.; Kwan, K.W.; Yip, T.T.C.; Fong, H.W.; Ngan, K.C.; Yu, M.; Yao, S.; Ngan, A.H.W.; Lin, Y. Regulating the Membrane

Transport Activity and Death of Cells via Electroosmotic Manipulation. Biophys. J. 2016, 110, 2769–2778. [CrossRef]
112. Lenzi, M.; Fimognari, C.; Hrelia, P. Sulforaphane as a Promising Molecule for Fighting Cancer. Cancer Treat. Res. 2013, 159, 207–223.

[CrossRef]

http://doi.org/10.1002/emmm.201302909
http://doi.org/10.1038/s41467-018-05402-2
http://doi.org/10.3892/or.2012.2006
http://doi.org/10.1016/j.clinbiochem.2012.07.100
http://doi.org/10.1007/s00011-012-0498-7
http://doi.org/10.3390/antiox11030455
http://doi.org/10.1016/j.bbamem.2006.02.015
http://doi.org/10.1038/nrm1469
http://doi.org/10.1073/pnas.1005776107
http://doi.org/10.1513/pats.200510-109JH
http://doi.org/10.1016/S1246-7820(05)80096-5
http://doi.org/10.1074/jbc.M208999200
http://doi.org/10.1182/blood-2012-04-422394
http://doi.org/10.1016/j.bbamcr.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24440277
http://doi.org/10.1002/biof.1340
http://www.ncbi.nlm.nih.gov/pubmed/27862460
http://doi.org/10.1089/ars.2008.2333
http://www.ncbi.nlm.nih.gov/pubmed/18999986
http://doi.org/10.1161/HYPERTENSIONAHA.108.120642
http://doi.org/10.1096/fj.14-260828
http://doi.org/10.1182/blood-2016-01-693879
http://doi.org/10.3389/fonc.2020.00566
http://doi.org/10.1016/j.resp.2019.04.005
http://doi.org/10.1152/physrev.00037.2007
http://doi.org/10.1080/07315724.2007.10719667
http://doi.org/10.1016/j.bpj.2016.05.011
http://doi.org/10.1007/978-3-642-38007-5_12


Cancers 2022, 14, 4182 18 of 20

113. Langouët, S.; Furge, L.L.; Kerriguy, N.; Nakamura, K.; Guillouzo, A.; Guengerich, F.P. Inhibition of human cytochrome P
450 enzymes by 1, 2-dithiole-3-thione, oltipraz and its derivatives, and sulforaphane. Chem. Res. Toxicol. 2000, 13, 245–252.
[CrossRef]

114. Kwak, M.-K.; Wakabayashi, N.; Kensler, T.W. Chemoprevention through the Keap1–Nrf2 signaling pathway by phase 2 enzyme
inducers. Mutat. Res. Mol. Mech. Mutagen. 2004, 555, 133–148. [CrossRef]

115. Mokhtari, R.B.; Baluch, N.; Homayouni, T.S.; Morgatskaya, E.; Kumar, S.; Kazemi, P.; Yeger, H. The role of Sulforaphane in cancer
chemoprevention and health benefits: A mini-review. J. Cell Commun. Signal 2017, 12, 91–101. [CrossRef]

116. Bertl, E.; Bartsch, H.; Gerhauser, C. Inhibition of angiogenesis and endothelial cell functions are novel sulforaphane-mediated
mechanisms in chemoprevention. Mol. Cancer Ther. 2006, 5, 575–585. [CrossRef]

117. Kim, D.H.; Sung, B.; Kang, Y.J.; Hwang, S.Y.; Kim, M.J.; Yoon, J.-H.; Im, E.; Kim, N.D. Sulforaphane inhibits hypoxia-induced
HIF-1α and VEGF expression and migration of human colon cancer cells. Int. J. Oncol. 2015, 47, 2226–2232. [CrossRef]

118. Jee, H.-G.; Lee, K.E.; Bin Kim, J.; Shin, H.-K.; Youn, Y.-K. Sulforaphane Inhibits Oral Carcinoma Cell Migration and Invasion In
Vitro. Phytotherapy Res. 2011, 25, 1623–1628. [CrossRef]

119. Lee, C.-S.; Cho, H.-J.; Jeong, Y.-J.; Shin, J.-M.; Park, K.-K.; Park, Y.-Y.; Bae, Y.-S.; Chung, I.-K.; Kim, M.; Kim, C.-H.; et al.
Isothiocyanates inhibit the invasion and migration of C6 glioma cells by blocking FAK/JNK-mediated MMP-9 expression. Oncol.
Rep. 2015, 34, 2901–2908. [CrossRef]

120. Fimognari, C.; Turrini, E.; Sestili, P.; Calcabrini, C.; Carulli, G.; Fontanelli, G.; Rousseau, M.; Cantelli-Forti, G.; Hrelia, P.
Antileukemic Activity of Sulforaphane in Primary Blasts from Patients Affected by Myelo- and Lympho-Proliferative Disorders
and in Hypoxic Conditions. PLoS ONE 2014, 9, e101991. [CrossRef]

121. Moon, D.-O.; Kim, M.-O.; Kang, S.-H.; Choi, Y.H.; Kim, G.-Y. Sulforaphane suppresses TNF-α-mediated activation of NF-κB and
induces apoptosis through activation of reactive oxygen species-dependent caspase-3. Cancer Lett. 2009, 274, 132–142. [CrossRef]
[PubMed]

122. Shang, H.-S.; Shih, Y.-L.; Lee, C.-H.; Hsueh, S.-C.; Liu, J.-Y.; Liao, N.-C.; Chen, Y.-L.; Huang, Y.-P.; Lu, H.-F.; Chung, J.-G.
Sulforaphane-induced apoptosis in human leukemia HL-60 cells through extrinsic and intrinsic signal pathways and altering
associated genes expression assayed by cDNA microarray. Environ. Toxicol. 2016, 32, 311–328. [CrossRef] [PubMed]

123. Suppipat, K.; Park, C.S.; Shen, Y.; Zhu, X.; Lacorazza, H.D. Sulforaphane Induces Cell Cycle Arrest and Apoptosis in Acute
Lymphoblastic Leukemia Cells. PLoS ONE 2012, 7, e51251. [CrossRef]

124. Jakubikova, J.; Bao, Y.; Sedlak, J. Isothiocyanates induce cell cycle arrest, apoptosis and mitochondrial potential depolarization in
HL-60 and multidrug-resistant cell lines. Anticancer Res. 2005, 25, 3375–3386. [PubMed]

125. Prata, C.; Facchini, C.; Leoncini, E.; Lenzi, M.; Maraldi, T.; Angeloni, C.; Zambonin, L.; Hrelia, S.; Fiorentini, D. Sulforaphane
Modulates AQP8-Linked Redox Signalling in Leukemia Cells. Oxidative Med. Cell. Longev. 2018, 2018, 4125297. [CrossRef]
[PubMed]

126. Poudel, G.; Tolland, M.G.; Hughes, T.P.; Pagani, I.S. Mechanisms of Resistance and Implications for Treatment Strategies in
Chronic Myeloid Leukaemia. Cancers 2022, 14, 3300. [CrossRef]

127. Chae, Y.K.; Kang, S.K.; Kim, M.S.; Woo, J.; Lee, J.; Chang, S.; Kim, D.-W.; Kim, M.; Park, S.; Kim, I.; et al. Human AQP5 Plays a
Role in the Progression of Chronic Myelogenous Leukemia (CML). PLoS ONE 2008, 3, e2594. [CrossRef]

128. Mansouri, L.; Thorvaldsdottir, B.; Laidou, S.; Stamatopoulos, K.; Rosenquist, R. Precision diagnostics in lymphomas—Recent
developments and future directions. Semin. Cancer Biol. 2021, 84, 170–183. [CrossRef]

129. Kay, N.E.; Hampel, P.J.; Van Dyke, D.L.; Parikh, S.A. CLL update 2022: A continuing evolution in care. Blood Rev. 2022, 54, 100930.
[CrossRef]

130. Gangemi, S.; Allegra, A.; Aguennouz, M.; Alonci, A.; Speciale, A.; Cannavò, A.; Cristani, M.; Russo, S.; Spatari, G.; Alibrandi, A.;
et al. Relationship Between Advanced Oxidation Protein Products, Advanced Glycation End Products, andS-Nitrosylated
Proteins With Biological Risk and MDR-1 Polymorphisms in Patients Affected by B-Chronic Lymphocytic Leukemia. Cancer
Investig. 2012, 30, 20–26. [CrossRef]

131. Chen, B.L.; Li, Y.; Xu, S.; Nie, Y.; Zhang, J. NFAT5 Regulated by STUB1, Facilitates Malignant Cell Survival and p38 MAPK
Activation by Upregulating AQP5 in Chronic Lymphocytic Leukemia. Biochem. Genet. 2021, 59, 870–893. [CrossRef]

132. Nico, B.; Annese, T.; Tamma, R.; Longo, V.; Ruggieri, S.; Senetta, R.; Cassoni, P.; Specchia, G.; Vacca, A.; Ribatti, D. Aquaporin-4
expression in primary human central nervous system lymphomas correlates with tumour cell proliferation and phenotypic
heterogeneity of the vessel wall. Eur. J. Cancer 2011, 48, 772–781. [CrossRef]

133. Klein, U.; Gloghini, A.; Gaidano, G.; Chadburn, A.; Cesarman, E.; Dalla-Favera, R.; Carbone, A. Gene expression profile analysis
of AIDS-related primary effusion lymphoma (PEL) suggests a plasmablastic derivation and identifies PEL-specific transcripts.
Blood 2003, 101, 4115–4121. [CrossRef]

134. Paul, A.G.; Sharma-Walia, N.; Chandran, B. Targeting KSHV/HHV-8 Latency with COX-2 Selective Inhibitor Nimesulide: A
Potential Chemotherapeutic Modality for Primary Effusion Lymphoma. PLoS ONE 2011, 6, e24379. [CrossRef]

135. Wang, J.; Liu, W.; Zhao, Z.; Zhang, Y.; Luo, B. Association of the Aquaporin 3 Gene Polymorphism (rs2231231) with Epstein-Barr
Virus-Associated Cancers in China. Intervirology 2018, 61, 72–78. [CrossRef]

136. Perini, T.; Materozzi, M.; Milan, E. The Immunity-malignancy equilibrium in multiple myeloma: Lessons from oncogenic events
in plasma cells. FEBS J. 2021, 289, 4383–4397. [CrossRef]

http://doi.org/10.1021/tx990189w
http://doi.org/10.1016/j.mrfmmm.2004.06.041
http://doi.org/10.1007/s12079-017-0401-y
http://doi.org/10.1158/1535-7163.MCT-05-0324
http://doi.org/10.3892/ijo.2015.3200
http://doi.org/10.1002/ptr.3397
http://doi.org/10.3892/or.2015.4292
http://doi.org/10.1371/journal.pone.0101991
http://doi.org/10.1016/j.canlet.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18952368
http://doi.org/10.1002/tox.22237
http://www.ncbi.nlm.nih.gov/pubmed/26833863
http://doi.org/10.1371/journal.pone.0051251
http://www.ncbi.nlm.nih.gov/pubmed/16101152
http://doi.org/10.1155/2018/4125297
http://www.ncbi.nlm.nih.gov/pubmed/30581529
http://doi.org/10.3390/cancers14143300
http://doi.org/10.1371/journal.pone.0002594
http://doi.org/10.1016/j.semcancer.2021.10.007
http://doi.org/10.1016/j.blre.2022.100930
http://doi.org/10.3109/07357907.2011.629383
http://doi.org/10.1007/s10528-021-10040-3
http://doi.org/10.1016/j.ejca.2011.10.022
http://doi.org/10.1182/blood-2002-10-3090
http://doi.org/10.1371/journal.pone.0024379
http://doi.org/10.1159/000491601
http://doi.org/10.1111/febs.16068


Cancers 2022, 14, 4182 19 of 20

137. Vacca, A.; Ribatti, D.; Roccaro, A.M.; Frigeri, A.; Dammacco, F. Bone marrow angiogenesis in patients with active multiple
myeloma. Semin. Oncol. 2001, 28, 543–550. [CrossRef]

138. Liu, Q.; Hilsenbeck, S.; Gazitt, Y. Arsenic trioxide-induced apoptosis in myeloma cells: p53-dependent G1 or G2/M cell cycle
arrest, activation of caspase-8 or caspase-9, and synergy with APO2/TRAIL. Blood 2003, 101, 4078–4087. [CrossRef]

139. Allegra, A.; Speciale, A.; Molonia, M.S.; Guglielmo, L.; Musolino, C.; Ferlazzo, G.; Costa, G.; Saija, A.; Cimino, F. Curcumin
ameliorates the in vitro efficacy of carfilzomib in human multiple myeloma U266 cells targeting p53 and NF-κB pathways. Toxicol.
Vitr. 2018, 47, 186–194. [CrossRef]

140. Han, D.; Ma, G.; Gao, Y.; Su, Y. Curcumin Synergistically Enhances the Cytotoxicity of Arsenic Trioxide in U266 Cells by Increasing
Arsenic Uptake. Evidence-Based Complement. Altern. Med. 2021, 2021, 3083041. [CrossRef]

141. Knepper, M.A.; Kwon, T.-H.; Nielsen, S. Molecular Physiology of Water Balance. N. Engl. J. Med. 2015, 372, 1349–1358. [CrossRef]
[PubMed]

142. Abir-Awan, M.; Kitchen, P.; Salman, M.M.; Conner, M.T.; Conner, A.C.; Bill, R.M. Inhibitors of Mammalian Aquaporin Water
Channels. Int. J. Mol. Sci. 2019, 20, 1589. [CrossRef] [PubMed]

143. Salman, M.M.; Kitchen, P.; Yool, A.J.; Bill, R.M. Recent breakthroughs and future directions in drugging aquaporins. Trends
Pharmacol. Sci. 2021, 43, 30–42. [CrossRef] [PubMed]

144. 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]

145. Farr, G.W.; Hall, C.H.; Farr, S.M.; Wade, R.; Detzel, J.M.; Adams, A.G.; Buch, J.M.; Beahm, D.L.; Flask, C.A.; Xu, K.; et al.
Functionalized Phenylbenzamides Inhibit Aquaporin-4 Reducing Cerebral Edema and Improving Outcome in Two Models of
CNS Injury. Neuroscience 2019, 404, 484–498. [CrossRef]

146. 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. Pharmacol. 2008, 62, 857–865. [CrossRef]

147. Wang, L.; Zhou, G.-B.; Liu, P.; Song, J.-H.; Liang, Y.; Yan, X.-J.; Xu, F.; Wang, B.-S.; Mao, J.-H.; Shen, Z.-X.; et al. Dissection of
mechanisms of Chinese medicinal formula Realgar-Indigo naturalis as an effective treatment for promyelocytic leukemia. Proc.
Natl. Acad. Sci. USA 2008, 105, 4826–4831. [CrossRef]

148. Pei, J.V.; Kourghi, M.; De Ieso, M.L.; Campbell, E.M.; 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]

149. Xiang, Y.; Ma, B.; Li, T.; Gao, J.-W.; Yu, H.-M.; Li, X.-J. Acetazolamide inhibits aquaporin-1 protein expression and angiogenesis.
Acta Pharmacol. Sin. 2004, 25, 812–816.

150. Bin, K.; Shi-Peng, Z. Acetazolamide Inhibits Aquaporin-1 Expression and Colon Cancer Xenograft Tumor Growth. Hepatogastroen-
terology 2011, 58, 1502–1506. [CrossRef]

151. Detmers, F.J.; de Groot, B.L.; Müller, E.M.; Hinton, A.; Konings, I.B.; Sze, M.; Flitsch, S.L.; Grubmüller, H.; Deen, P.M. Quaternary
Ammonium Compounds as Water Channel Blockers. J. Biol. Chem. 2006, 281, 14207–14214. [CrossRef]

152. Zou, L.-B.; Zhang, R.-J.; Tan, Y.-J.; Ding, G.-L.; Shi, S.; Zhang, D.; He, R.-H.; Liu, A.-X.; Wang, T.-T.; Leung, P.; 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]

153. Migliati, E.; Meurice, N.; DuBois, P.; Fang, J.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]

154. De Ieso, M.L.; Pei, J.V.; Nourmohammadi, S.; Smith, E.; Chow, P.H.; Kourghi, M.; Hardingham, J.E.; Yool, A.J. 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, 1–17. [CrossRef]

155. Kourghi, M.; Pei, J.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. 2015, 89, 133–140. [CrossRef]

156. Kourghi, M.; De Ieso, M.L.; Nourmohammadi, S.; Pei, J.V.; Yool, A.J. Identification of Loop D Domain Amino Acids in the Human
Aquaporin-1 Channel Involved in Activation of the Ionic Conductance and Inhibition by AqB011. Front. Chem. 2018, 6, 142.
[CrossRef]

157. Pei, J.V. Drug discovery and therapeutic targets for pharmacological modulators of aquaporin channels. In Aquaporins in Health
and Disease: New Molecular Targets For Drug Discovery; Soveral, G., Ed.; CRC Press: Boca Raton, FL, USA, 2016; pp. 275–297.

158. Yang, J.; Yan, C.; Zheng, W.; Chen, X. Proliferation inhibition of cisplatin and aquaporin 5 expression in human ovarian cancer cell
CAOV3. Arch. Gynecol. Obstet. 2011, 285, 239–245. [CrossRef]

159. Niemietz, C.M.; Tyerman, S.D. New potent inhibitors of aquaporins: Silver and gold compounds inhibit aquaporins of plant and
human origin. FEBS Lett. 2002, 531, 443–447. [CrossRef]

160. Yukutake, Y.; Hirano, Y.; Suematsu, M.; Yasui, M. Rapid and Reversible Inhibition of Aquaporin-4 by Zinc. Biochemistry 2009,
48, 12059–12061. [CrossRef]

161. Wang, L.; Zhang, Y.; Wu, X.; Yu, G. Aquaporins: New Targets for Cancer Therapy. Technol. Cancer Res. Treat. 2016, 15, 821–828.
[CrossRef]

http://doi.org/10.1016/S0093-7754(01)90022-3
http://doi.org/10.1182/blood-2002-10-3231
http://doi.org/10.1016/j.tiv.2017.12.001
http://doi.org/10.1155/2021/3083041
http://doi.org/10.1056/NEJMra1404726
http://www.ncbi.nlm.nih.gov/pubmed/25830425
http://doi.org/10.3390/ijms20071589
http://www.ncbi.nlm.nih.gov/pubmed/30934923
http://doi.org/10.1016/j.tips.2021.10.009
http://www.ncbi.nlm.nih.gov/pubmed/34863533
http://doi.org/10.1186/s12967-015-0439-7
http://doi.org/10.1016/j.neuroscience.2019.01.034
http://doi.org/10.1007/s00280-007-0674-6
http://doi.org/10.1073/pnas.0712365105
http://doi.org/10.1124/mol.116.105882
http://doi.org/10.5754/hge11154
http://doi.org/10.1074/jbc.M513072200
http://doi.org/10.1210/jc.2011-0426
http://doi.org/10.1124/mol.108.053744
http://doi.org/10.1038/s41598-019-49045-9
http://doi.org/10.1124/mol.115.101618
http://doi.org/10.3389/fchem.2018.00142
http://doi.org/10.1007/s00404-011-1908-8
http://doi.org/10.1016/S0014-5793(02)03581-0
http://doi.org/10.1021/bi901762y
http://doi.org/10.1177/1533034615607693


Cancers 2022, 14, 4182 20 of 20

162. Seeliger, D.; Zapater, C.; Krenc, D.; Haddoub, R.; Flitsch, S.; Beitz, E.; Cerdà, J.; De Groot, B.L. Discovery of Novel Human
Aquaporin-1 Blockers. ACS Chem. Biol. 2012, 8, 249–256. [CrossRef] [PubMed]

163. Oliva, A.; Kang, Y.; Truettner, J.; Sanchez-Molano, J.; Furones, C.; Yool, A.; Atkins, C. Fluid-percussion brain injury induces
changes in aquaporin channel expression. Neuroscience 2011, 180, 272–279. [CrossRef] [PubMed]

164. Yool, A.J.; Morelle, J.; Cnops, Y.; Verbavatz, J.-M.; Campbell, E.; Beckett, E.A.; Booker, G.W.; Flynn, G.; Devuyst, O. AqF026 Is a
Pharmacologic Agonist of the Water Channel Aquaporin-1. J. Am. Soc. Nephrol. 2013, 24, 1045–1052. [CrossRef] [PubMed]

165. Mola, M.G.; Nicchia, G.P.; Svelto, M.; Spray, D.C.; Frigeri, A. Automated Cell-Based Assay for Screening of Aquaporin Inhibitors.
Anal. Chem. 2009, 81, 8219–8229. [CrossRef]

166. To, J.; Yeo, C.Y.; Soon, C.H.; Torres, J. A generic high-throughput assay to detect aquaporin functional mutants: Potential
application to discovery of aquaporin inhibitors. Biochim Biophys Acta. 2015, 1850, 1869–1876. [CrossRef]

167. Patil, R.V.; Xu, S.; Van Hoek, A.N.; Rusinko, A.; Feng, Z.; May, J.; Hellberg, M.; Sharif, N.A.; Wax, M.B.; Irigoyen, M.; et al. Rapid
Identification of Novel Inhibitors of the Human Aquaporin-1 Water Channel. Chem. Biol. Drug Des. 2016, 87, 794–805. [CrossRef]

168. Tradtrantip, L.; Zhang, H.; Saadoun, S.; Phuan, P.-W.; Lam, C.; Papadopoulos, M.C.; Bennett, J.L.; Verkman, A.S. Anti-Aquaporin-4
monoclonal antibody blocker therapy for neuromyelitis optica. Ann. Neurol. 2012, 71, 314–322. [CrossRef]

169. Tradtrantip, L.; Zhang, H.; Anderson, M.O.; Saadoun, S.; Phuan, P.W.; Papadopoulos, M.C.; Bennett, J.L.; Verkman, A.S. Small
molecule inhibitors of NMO-IgG binding to aquaporin-4 reduce astrocyte cytotoxicity in neuromyelitis optica. FASEB J. 2012,
26, 2197–2208. [CrossRef]

170. Tradtrantip, L.; Jin, B.-J.; Yao, X.; Anderson, M.O.; Verkman, A.S. Aquaporin-Targeted Therapeutics: State-of-the-Field. Adv. Exp.
Med. Biol. 2017, 969, 239–250. [CrossRef]

171. Baum, B.J.; Alevizos, I.; Zheng, C.; Cotrim, A.P.; Liu, S.; McCullagh, L.; Goldsmith, C.M.; Burbelo, P.D.; Citrin, D.E.; Mitchell, J.B.;
et al. Early responses to adenoviral-mediated transfer of the aquaporin-1 cDNA for radiation-induced salivary hypofunction.
Proc. Natl. Acad. Sci. USA 2012, 109, 19403–19407. [CrossRef]

http://doi.org/10.1021/cb300153z
http://www.ncbi.nlm.nih.gov/pubmed/23113556
http://doi.org/10.1016/j.neuroscience.2011.02.020
http://www.ncbi.nlm.nih.gov/pubmed/21329742
http://doi.org/10.1681/ASN.2012080869
http://www.ncbi.nlm.nih.gov/pubmed/23744886
http://doi.org/10.1021/ac901526k
http://doi.org/10.1016/j.bbagen.2015.05.019
http://doi.org/10.1111/cbdd.12713
http://doi.org/10.1002/ana.22657
http://doi.org/10.1096/fj.11-201608
http://doi.org/10.1007/978-94-024-1057-0_16
http://doi.org/10.1073/pnas.1210662109

	General Considerations on Aquaporins 
	Aquaporins and Cancer 
	AQPs and Hematological Malignancies 
	AQPs and Lymphoproliferative Diseases 
	Future Perspectives 
	Conclusions 
	References

