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Cancer is a leading cause of death worldwide, and its incidence is rising with numbers expected to increase 70% in the next two decades. The fact that current mainline treatments for cancer patients are accompanied by debilitating side effects prompts a growing demand for new therapies that not only inhibit growth and proliferation of cancer cells, but also control invasion and metastasis. One class of targets gaining international attention is the aquaporins, a family of membrane-spanning water channels with diverse physiological functions and extensive tissue-specific distributions in humans. Aquaporins−1,−2,−3,−4,−5,−8, and−9 have been linked to roles in cancer invasion, and metastasis, but their mechanisms of action remain to be fully defined. Aquaporins are implicated in the metastatic cascade in processes of angiogenesis, cellular dissociation, migration, and invasion. Cancer invasion and metastasis are proposed to be potentiated by aquaporins in boosting tumor angiogenesis, enhancing cell volume regulation, regulating cell-cell and cell-matrix adhesions, interacting with actin cytoskeleton, regulating proteases and extracellular-matrix degrading molecules, contributing to the regulation of epithelial-mesenchymal transitions, and interacting with signaling pathways enabling motility and invasion. Pharmacological modulators of aquaporin channels are being identified and tested for therapeutic potential, including compounds derived from loop diuretics, metal-containing organic compounds, plant natural products, and other small molecules. Further studies on aquaporin-dependent functions in cancer metastasis are needed to define the differential contributions of different classes of aquaporin channels to regulation of fluid balance, cell volume, small solute transport, signal transduction, their possible relevance as rate limiting steps, and potential values as therapeutic targets for invasion and metastasis.
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INTRODUCTION

Aquaporins

Aquaporins (AQPs) are a family of water channels that also include a subset of classes shown to mediate transport of glycerol, ions, and other molecules (Li and Wang, 2017). The first aquaporin to be cloned, aquaporin-1 (AQP1), was identified in red blood cells and renal proximal tubules (Denker et al., 1988; Preston and Agre, 1991). In the Xenopus laevis expression system, introduced AQP1 channels enabled high osmotic water flux across the plasma membrane as compared to non-AQP control oocytes (Preston et al., 1992), explaining the mechanism enabling rapid transmembrane passage of water in certain types of cells. To date, 15 classes of aquaporin genes have been identified in mammals (AQP0–AQP14), with AQPs 13 and 14 found in older lineages of mammals (Metatheria and Prototheria) (Ishibashi et al., 2009; Finn et al., 2014; Finn and Cerda, 2015). The first 13 aquaporins (AQP0–AQP12) have been divided into categories based on functional properties (Li and Wang, 2017). One comprises the classical aquaporins (AQP0,−1,−2,−4,−5,−6,−8), which were thought initially to transport only water, though some also transport gases, urea, hydrogen peroxide, ammonia, and charged particles (Ehring and Hall, 1988; Preston et al., 1992; Fushimi et al., 1993; Hasegawa et al., 1994; Raina et al., 1995; Ma et al., 1996, 1997a; Chandy et al., 1997; Ishibashi et al., 1997b; Yasui et al., 1999; Anthony et al., 2000; Nakhoul et al., 2001; Bienert et al., 2007; Herrera and Garvin, 2011; Almasalmeh et al., 2014; Rodrigues et al., 2016). A second category consists of the aquaglyceroporins (AQP3,−7,−9, and−10), which are permeable to water and glycerol, with some also exhibiting urea, arsenite, and hydrogen peroxide permeability (Ishibashi et al., 1997a, 1998, 2002; Yang and Verkman, 1997; Liu et al., 2002; Lee et al., 2006; Rojek et al., 2008; Miller et al., 2010; Watanabe et al., 2016). A possible third category consists of AQP11 and AQP12, distantly related paralogs with only 20% homology with other mammalian AQPs (Ishibashi, 2009), which appear to carry both water and glycerol (Yakata et al., 2011; Bjørkskov et al., 2017). The permeability of AQP11 to glycerol could be important for its function in human adipocytes, in which it is natively expressed (Madeira et al., 2014). Aquaporins assemble as homo-tetramers, with monomers ranging 26–34 kDa (Verkman and Mitra, 2000). In most AQPs, each monomer is composed of six transmembrane domains and intracellular amino and carboxyl termini, with highly conserved asparagine-proline-alanine (NPA) motifs in cytoplasmic loop B and in extracellular loop E (Jung et al., 1994). The NPA motifs in loops B and E contribute to a monomeric pore structure that mediates selective, bidirectional, single-file transport of water in the classical aquaporins (Sui et al., 2001), and water and glycerol in aquaglyceroporins (Jensen et al., 2001).

Intracellular signaling processes regulate AQP channels by altering functional activity, intracellular localization, and levels of expression in different cells and tissues. For example, the peptide hormone vasopressin regulates excretion of water in the kidney by augmenting water permeability of collecting duct cells. Vasopressin induces phosphorylation of AQP2 (Hoffert et al., 2006), stimulating the reversible translocation of AQP2 from intracellular vesicles to the apical plasma membrane (Nielsen et al., 1995). Guanosine triphosphate (GTP) stimulates AQP1-induced swelling of secretory vesicles in the exocrine pancreas (Cho et al., 2002), with functional implications in pancreatic exocrine secretions. Additionally, AQP1 ion channel activity is activated by intracellular cGMP (Anthony et al., 2000), and phosphorylation of Y253 in the carboxyl terminal domain regulates responsiveness of AQP1 ion channels to cGMP (Campbell et al., 2012). Given the diverse array of functional properties, mechanisms of regulation, and tissue-specific distributions being discovered for aquaporins, it is not surprising that different classes of aquaporins (AQP-1,−2,−3,−4,−5,−8, and−9) have been implicated specifically in the complex steps associated with cancer invasion and metastasis (Table 1), suggesting specialized roles for these channels have been arrogated into the pathological processes.


Table 1. Key roles of AQPs involved in cancer invasion and metastasis.
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Cancer Invasion and Metastasis

Cancer is a leading cause of death worldwide, accounting for 8.2 million deaths in 2012 (Ferlay et al., 2015). The incidence of cancer is rising steadily in an aging population, with numbers expected to increase 70% in the next two decades (Ferlay et al., 2015). Current treatments involve chemotherapy, radiation therapy, and surgery (Miller et al., 2016), associated with an array of side effects including nausea (Koeller et al., 2002), impaired fertility and premature menopause (Howard-Anderson et al., 2012; Wasilewski-Masker et al., 2014), painful neuropathy (Gamelin et al., 2002; Rivera and Cianfrocca, 2015), increased risk of cardiovascular disease (Monsuez et al., 2010; Willemse et al., 2013), and loss of bone density (Gralow et al., 2013). Inhibiting proliferation remains the primary focus of cancer treatments, although the predominant cause of death is cancer metastasis (Yamaguchi et al., 2005; Spano et al., 2012). Less devastating cancer therapies might be achievable via a combination of strategies that not only inhibit proliferation, but also control metastasis of tumor cells from their primary site to distant organs (Friedl and Wolf, 2003). Cancer cell migration through the body exploits pathways including blood stream, lymphatic system, and transcoelomic movement across body cavities (Wyckoff et al., 2000; Pepper et al., 2003; Tan et al., 2006). The hierarchical nature of the metastatic cascade suggests it should be vulnerable to intervention at multiple levels including angiogenesis, detachment of cells from the primary tumor, and infiltration of dissociated tumor cells into and out of circulatory pathways via intravasation and extravasation, respectively (Figure 1). AQPs that serve as rate-limiting steps in the metastatic cascade should have substantial value as prognostic markers and pharmacological targets for treatments.
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FIGURE 1. Flow diagram summarizing the steps in cancer metastasis. Metastasis involves the migration of cells from the primary tumor to distant organs. Large tumors with tissue hypoxia rely on angiogenesis for vascular exchange of nutrients and waste. Primary tumor cells undergo phenotypic changes including loss of cell-cell adhesions which enables cells to dissociate from primary tumor, invade the adjacent extracellular matrix (ECM), and intravasate into the blood or lymph systems. Circulating tumor cells extravasate to seed secondary sites at which the process can reoccur.



ANGIOGENESIS

Both cancer invasion and metastasis are enhanced by angiogenesis. Angiogenesis, activated in response to inadequate oxygen perfusion, triggers extracellular matrix breakdown; endothelial cell proliferation, differentiation, and migration; and recruitment of periendothelial cells (Clapp and de la Escalera, 2006) which form discontinuous layers around vessels and exert developmental and homeostatic control (Njauw et al., 2008). Under physiological conditions, angiogenesis is seen in the proliferative phase of the menstrual cycle (Demir et al., 2010), development of fetal and placental vasculature (Demir et al., 2007), and skeletal muscle following physical activity (Egginton, 2009). In pathological scenarios such as tumorigenesis, tissue hypoxia stimulates the formation of new vasculature, enabling tumors to better obtain nutrients, exchange gases, and excrete waste (Nishida et al., 2006). Folkman et al. (1966) showed that tumors up to 2 mm in diameter could survive via passive diffusion from surrounding tissue; but angiogenesis was essential for support of larger tumors.

AQP1, expressed in peripheral vascular endothelial cells, is involved in tumor angiogenesis (Nielsen et al., 1993; Endo et al., 1999; Saadoun et al., 2002a; El Hindy et al., 2013; Verkman et al., 2014). AQP1 knock-down in chick embryo chorioallantoic membrane resulted in a dramatic inhibition of angiogenesis (Camerino et al., 2006). Saadoun et al. (2005a) found AQP1-deficient mice exhibited reduced tumor growth and angiogenesis as compared to wild type, following subcutaneous or intracranial B16F10 melanoma cell implantation. Their work showed AQP1-null endothelial cells from mouse aorta had reduced motility as compared to wild-type, suggesting AQP1 was needed to facilitate cell migration for angiogenesis. Monzani et al. (2009) confirmed a reduced migration capacity in human microvascular endothelial cells (HMEC-1) after AQP1 knockdown by siRNA. AQP1 mRNA and protein levels are increased in response to tissue hypoxia (Kaneko et al., 2008; Abreu-Rodríguez et al., 2011). AQP1 facilitates hypoxia-induced angiogenesis by enhancing endothelial cell migration.

Angiogenesis is regulated by growth factors such as vascular endothelial growth factor (VEGF), which stimulates endothelial cell proliferation and angiogenesis in response to hypoxia (Suzuki et al., 2006), through processes that could augment AQP1 activity indirectly. Pan et al. (2008) found a positive correlation between levels of AQP1 expression, intratumoral microvascular density, and VEGF in endometrial adenocarcinoma. Similarly, AQP1 gene deletion correlated with reduced VEGF receptor expression in mouse primary breast tumor cells (Esteva-Font et al., 2014), and knockdown of AQP1 in human retinal vascular endothelial cells with concurrent inhibition of VEGF caused an additive inhibition of hypoxia-induced angiogenesis (Kaneko et al., 2008). However, application of VEGF-neutralizing antibodies did not alter AQP1 expression (Kaneko et al., 2008), and levels of VEGF in primary breast tumors were not different between AQP1-null and wild-type mice (Esteva-Font et al., 2014), supporting the idea that VEGF is regulated independently of AQP1 expression or activity.

Other angiogenic factors, such as hypoxia-inducible factor 1-alpha (HIF-1α), induce AQP1 expression in low oxygen conditions (Abreu-Rodríguez et al., 2011). The AQP1 gene promoter carries a HIF-1α binding site which drives AQP1 expression in response to hypoxia in cultured human retinal vascular endothelial cells (HRVECs) (Tanaka et al., 2011), and involves phosphorylation of p38 mitogen-activated protein kinase (MAPK) (Tie et al., 2012). Estrogen signaling also targets the promoter region of the AQP1 gene to increase transcription, inducing enhanced tubulogenesis of vascular endothelial cells as a model for angiogenesis (Zou et al., 2013). In summary, AQP1 is upregulated by angiogenic factors in response to hypoxia, and necessary for endothelial cell migration and angiogenesis. Therapies aimed at blocking transcriptional activation of AQP1 could impede cancer angiogenesis, if the treatment could be spatially limited to the tumor site without impacting normal cell functions.

CELLULAR DISSOCIATION AND EPITHELIAL-MESENCHYMAL TRANSITION

Epithelial-mesenchymal transition (EMT) occurs in normal physiological conditions such as implantation, embryogenesis, and organ development, as well as pathological processes such as cancer invasion and metastasis (Vićovac and Aplin, 1996; Thiery, 2002). During EMT, polarized epithelial cells undergo biochemical changes to adopt a mesenchymal phenotype, characterized by a loss of cell polarity, reduced cell-cell adhesiveness, and enhanced invasive capacity (Thiery, 2002, 2003; Cavallaro and Christofori, 2004; Kalluri and Weinberg, 2009; van Zijl et al., 2011). Epithelial cadherin (E-cadherin), a transmembrane glycoprotein, enables calcium-dependent tight adhesions between epithelial cells and links to cytoskeletal elements (Angst et al., 2001; Alizadeh et al., 2014). Downregulation of E-cadherin is a hallmark feature of EMT (Cano et al., 2000; Chua et al., 2007; Korpal et al., 2008). EMT in cancer is induced by signals from the tumor-associated stroma, including epidermal growth factor (EGF), platelet-derived growth factor (PDGF), hepatocyte-derived growth factor (HGF), and transforming growth factor beta (TGF-β) (Miettinen et al., 1994; Pagan et al., 1999; Lo et al., 2007; Kong et al., 2009; Xu et al., 2009). These signals stimulate transcription factors such as SNAI1 (SNAIL), SNAI2 (SLUG), zinc finger E-box binding homeobox 1 (ZEB1), Mothers against decapentaplegic homolog 2 (SMAD-2) and Twist, which are all E-cadherin transcription repressors (Yang et al., 2004; Medici et al., 2008).

Classes of aquaporins such as AQP3 have been implicated in the EMT process. AQP3 up-regulation in response to EGF in colorectal, gastric, and pancreatic cancers, is associated with augmented cell migration, invasion, and metastasis (Huang et al., 2010; Liu et al., 2012; Li et al., 2013). In gastric cancer, EGF-induced AQP3 upregulation enhances the mesenchymal transformation (Chen et al., 2014). Chen et al. (2014) determined that mRNA and protein levels of vimentin and fibronectin (proteins associated with mesenchymal phenotype) were significantly increased in cells with high levels of AQP3 expression but decreased in AQP3-deficient cells. Conversely, E-cadherin expression was significantly lower in cells with high AQP3 and increased in AQP3-knockdown cells. The mechanisms for AQP3-facilitated pancreatic and colorectal cancer cell migration have not yet been determined. It will be interesting to investigate whether AQP3 promotes EMT in these cancers.

In addition to AQP3, AQPs 1, 4, 5, and 9 also have been linked to EMT in different types of cancer cells. In lung adenocarcinoma cells, AQP1 overexpression correlated with the down-regulation of E-cadherin, and up-regulation of vimentin (Yun et al., 2016). AQP4 knockdown in human breast cancer was associated with increased levels of E-cadherin, and in glioma cells with increased β-catenin (involved in actin reorganization and cell-cell adhesion) and connexin-43 (a gap junction protein that contributes to cell-cell signaling and adhesion) (Ding et al., 2011; Li Y. et al., 2016), suggesting AQP4 might enhance cell detachment from primary tumors. However, opposing evidence showed knockdown of AQP4 in primary human astrocytes correlated with down-regulation of connexin-43 (Nicchia et al., 2005); and transfection of wild type AQP4 into glioma cell lines caused enhanced adhesion (McCoy and Sontheimer, 2007). In primary glial cells, AQP4 expression levels had no appreciable effect on cell-cell adhesion under the conditions tested (Zhang and Verkman, 2008). In human non-small cell lung cancer cells (NSCLCs), AQP5 increased invasiveness; conversely, expression of AQP5 mutant channels lacking membrane targeting signals or the S156 phosphorylation site did not augment invasiveness (Chae et al., 2008b). Overexpression of AQP5 in NSCLCs was associated with a reduction in epithelial cell markers such as E-cadherin, α-catenin, and γ-catenin, and an increase in mesenchymal cell markers such as fibronectin and vimentin, concomitant with a mesenchymal change in morphology. Similarly, AQP3 and AQP5 overexpression in pancreatic ductal adenocarcinoma is accompanied by downregulation of E-cadherin and upregulation of vimentin (Direito et al., 2017). The invasion-promoting properties of AQP5 expression appear to depend on the c-Src signaling pathway, a potent trigger of EMT (Guarino et al., 2007; Chae et al., 2008b). High AQP5 expression correlated with an increase in phosphorylated SMAD2, promoting EMT in colorectal cancer, whereas AQP5 silencing was associated with a down-regulation of phosphorylated SMAD2, and a repressed EMT response (Chen et al., 2017). AQP9 is downregulated in hepatocellular carcinoma; overexpression corresponds to reduced growth and EMT, thus reducing cancer invasion and metastasis (Li C. F et al., 2016; Zhang et al., 2016). Evidence suggests that AQPs have different effects depending on the type of cancer. Moreover, the state of cancer progression, environmental factors, and the types of assays used will be complicating factors; nevertheless, AQPs have clear potential as diagnostic and prognostic biomarkers, and as therapeutic targets for modulation of EMT, cell-cell adhesion, and dissociation phases of cancer progression.

INVASION AND CELL MIGRATION

Cell migration involves the translocation of individual and collective groups of cells through fluid or tissues, relevant for survival in multicellular and single-celled organisms (Klausen et al., 2003; Friedl et al., 2004). Migration enables physiological morphogenesis, immunity, and tissue repair (Friedl et al., 2004; Friedl and Weigelin, 2008). In most mammalian cells, migration is highest during development and morphogenesis and decreases after terminal differentiation. In pathological circumstances such as cancer, migration machinery can be reactivated. AQPs−1,−3,−4, and−5,−8, and−9 are known to contribute to cancer cell migration and invasion. Translocation of cancer cells can be initiated by chemokines released from host tissues, and growth factors such as EGF secreted by stromal cells (Dittmar et al., 2008; Roussos et al., 2011).

AQP3 has been suggested to increase EGF-induced cancer growth and migration by mediating H2O2 flux (Miller et al., 2010; Hara-Chikuma et al., 2016). H2O2 is known as an oxidative stressor, but is also a second messenger in cell proliferation, differentiation and migration (Thannickal and Fanburg, 2000; Rhee, 2006). AQP3 knockdown in skin and lung cancer cell lines reduced EGF-induced H2O2 influx, and attenuated EGF signaling cascades (Hara-Chikuma et al., 2016), reducing migration and growth. H2O2 also influenced chemokine-dependent migration of T-cells and breast cancer cells (Hara-Chikuma et al., 2012; Satooka and Hara-Chikuma, 2016). AQP1,−3,−5,−8, and−9 have all been suggested to transport H2O2 (Bienert et al., 2007; Miller et al., 2010; Almasalmeh et al., 2014; Rodrigues et al., 2016; Watanabe et al., 2016). All of these classes also have been linked with cancer cell migration (Hu and Verkman, 2006; Shi et al., 2013; Li et al., 2014; Chen et al., 2015; Zhang et al., 2016); however, H2O2 transport has thus far been linked only to AQP3 as a control mechanism in cancer cell migration. Further work might show H2O2 transport in other classes of AQPs regulates cell motility and invasion.

Polarization

Key molecular and cellular events involved in cell migration can be classified into five inter-dependent stages, which are polarization, protrusion, cell-matrix adhesion, extracellular matrix (ECM) degradation and retraction (Figure 2). Cell polarization provides functionally specialized domains in the membrane and cytoplasm (Drubin and Nelson, 1996), typified by asymmetric distributions of organelles, signaling mechanisms, and membrane channels, transporters and receptors (Swaney et al., 2010). In movement, changes in cell polarization generate leading and trailing edges, predominantly regulated by small GTPases such as CDC42 (Johnson and Pringle, 1990; Allen et al., 1998), which controls the recruitment of partitioning-defective (PAR) proteins, atypical protein kinase C (aPKC), and actin polymerization machinery (Etienne-Manneville and Hall, 2003; Goldstein and Macara, 2007). AQPs−1,−4,−5, and−9 have been shown to show polarized localization at the leading edges of migrating cells. Specific co-distributions with ion transporters such as the Na+/H+ exchanger, the Cl−/[image: image] exchanger, and the Na+/-HCO3 co-transporter, suggest sophisticated mechanisms for regulation of fluid influx and efflux (Loitto et al., 2002; Verkman, 2005; Hara-Chikuma and Verkman, 2006; Papadopoulos et al., 2008; Stroka et al., 2014), potentially driving membrane protrusions for cell locomotion (Schwab et al., 2007).
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FIGURE 2. Key contributions of aquaporins in cell migration. (A) Forward movement is preceded by establishing specialized loci within the cell, with redistribution of aquaporins, ion transporters/exchangers, and actin polymerization machinery to the leading edge. AQP-1,−4,−5, or−9 can be found on leading edges of migrating cancer cells. (B) Protrusions of the membrane might use water influx (down an osmotic gradient established by ion transporters/exchangers) and actin polymerization beneath the plasma membrane to dynamically push the membrane forward. AQP-1,−4, and−5 are implicated in water influx for protrusion extension in cancer cells; AQPs-1 and−4 also appear to interact with actin cytoskeleton. (C) Protrusions adhere to the ECM using integrin to generate “traction” for cellular movement. AQP2 might modulate turnover of integrin at adhesion sites, enabling forward cellular movement. (D) ECM degradation by enzymes can widen gaps through which the cell body can penetrate. AQP-1,−3,−4 and−9 are suggested to interact with ECM-degrading enzymes. (E) The final step is retraction of the cell trailing edge, thought to use aquaporins for water efflux following by K+ export.



Protrusion

A migrating cell extends its leading edge into the ECM by assembling a branched network of intracellular actin filaments, predicted to yield a physical force that dynamically pushes the membrane out, alternating with relaxation and actin depolymerization (Wang, 1985; Theriot and Mitchison, 1991; Pollard and Borisy, 2003). Membrane expansion requires the vesicle fusion to support the increase in surface area (Bretscher and Aguado-Velasco, 1998; Pierini et al., 2000; Fletcher and Rappoport, 2010). Three types of protrusions found in motile cells are lamellipodia, filopodia, and invadopodia. Lamellipodia are broad, flat, actin-rich protrusions that extend in the direction of locomotion and provide a foundation on which the cell moves forward (Cramer et al., 1997). Filopodia are long, thin protrusions of the membrane thought to be exploratory, “sensing” the local environment (Mattila and Lappalainen, 2008). Lamellipodial and filopodial formations are modulated by small GTPases in the Rho family, such as Rac1 and CDC42 (Ridley et al., 1992; Allen et al., 1997; Hall, 1998; Machesky, 2008), which stimulate actin polymerization in response to growth factor (Hall, 1998) and integrin receptor activations (Price et al., 1998). Interestingly, AQP9-facilitated water flux appears to critical for filopodial protrusion formation in fibroblasts, via the CDC42 pathway (Loitto et al., 2007). The Arp2/3 (actin-related protein 2/3) complex regulates the formation of new actin filaments in migrating cancer cells, and is regulated by Scar/WAVE complex (otherwise known as WANP), which interacts with the small GTPase Rac1 for lamellipodial assembly (Ibarra et al., 2005). Invadopodia are actin-rich, matrix-degrading protrusions that appear when ECM degradation and cell adhesion are needed to create space for movement, involving proteases such as MMP2, MMP9, and MT1-MMP and src tyrosine kinase (Weaver, 2006). Changes in cell volume during protrusion are assumed to require rapid water flow (Condeelis, 1993), and could occur in part in response to osmotic gradients governed by ion transport and actin polymerization state (Diez et al., 2005; Disanza et al., 2005; Schwab et al., 2007).

AQPs at the leading edges of migrating cells are well positioned to facilitate cell volume changes and cytoskeletal modifications during protrusion formation (Monzani et al., 2009; Jiang and Jiang, 2010; Klebe et al., 2015; Wei and Dong, 2015; Pelagalli et al., 2016). AQP1 overexpression in B16F10 melanoma cells and 4T1 mammary gland tumor cells enhanced cell migration and lamellipodial width in vitro, and augmented metastasis in a mouse model (Hu and Verkman, 2006). AQP1 is proposed to enhance lamellipodial formation by increasing membrane osmotic water permeability (Verkman, 2005; Hu and Verkman, 2006; Jiang, 2009), allowing water entry at the leading edge to impose hydrostatic pressure, drive membrane extension, and create space for actin polymerization. In addition to water channel activity, AQP1 is also thought to be an ion channel, proposed to allow gated conduction of monovalent cations through the central tetrameric pore (Anthony et al., 2000; Yu et al., 2006). The dual water and ion conductance of AQP1 is essential for colon cancer cell migration in vitro (Kourghi et al., 2015). Conversely, in clinical cases of cholangiocarcinoma, high AQP1 expression has been correlated with low metastasis (Aishima et al., 2007; Sekine et al., 2016), suggesting that AQP1 might play different roles in different types of cancers.

Other classes of AQP water channels are not necessarily interchangeable with AQP1 in facilitating cell migration (McCoy and Sontheimer, 2007), suggesting features of AQP1 other than simple osmotic water permeability are involved. AQP1-enhanced cell migration might also be due to interactions with cytoskeletal proteins. For example, Monzani et al. (2009) demonstrated that AQP1 knockdown dramatically impeded actin cytoskeletal organization in migrating human melanoma and endothelial cell lines via interaction with Lin-7/β-catenin. The Lin-7/β-catenin complex enables asymmetrical organization of filamentous actin (F-actin). AQP1 might act as a scaffolding protein at the leading edges. Jiang (2009) found that knocking down AQP1 was associated with re-localization of actin in migrating HT20 colon cancer cells, and a reduction in the activity of actin regulatory factors RhoA and Rac. A PDZ domain in Lin-7 could mediate interaction with rhotekin protein, which inhibits Rho GTPase signaling that is involved in cell migration, invasion, and cytoskeletal reorganization (Sudo et al., 2006). Rhotekin merits further evaluation in models of AQP1-dependent cytoskeletal organization.

A role for AQP4 in glioma cell migration has similarly been proposed to occur through regulation of cell volume and cytoskeletal interactions. Protein kinase C (PKC)-mediated phosphorylation of AQP4 at serine 180 correlated with a decreased glioma cell invasion (McCoy et al., 2010). AQP4-facilitated glioma invasion is dependent on co-expression of chloride channels (ClC2) and the potassium-chloride co-transporter 1 (KCC1) in invadopodia, which could provide the ionic driving force for water efflux leading to cell shrinkage that could augment invasiveness through ECM (Mcferrin and Sontheimer, 2006; McCoy et al., 2010). AQP4 effects on actin cytoskeleton suggest a role for α-syntrophin, interacting with the C-terminal domain of AQP4 at a PDZ-binding site (Neely et al., 2001). In human glioma and primary astrocytes, reduced AQP4 expression correlated with dramatic morphological elongation, reduced invasiveness, and impaired F-actin polymerization (Nicchia et al., 2005; Ding et al., 2011).

AQP5 facilitates protrusion formation, volume regulation, cell migration, and metastasis. AQP5 expression is correlated with cell invasiveness and metastasis of human prostate cancer (Li et al., 2014), lymph node metastasis in patients with colon cancer (Kang et al., 2015), and metastatic potential of lung cancer cells (Zhang et al., 2010). Moreover, Jung et al. (2011) showed that a shRNA-induced reduction in AQP5 expression in MCF7 breast cancer cells was associated with significantly reduced cell proliferation and migration. The mechanism of AQP5-facilitated cancer cell invasion and metastasis might be due to its direct or indirect interaction with the epidermal growth factor receptor/extracellular signal-regulated kinase (ERK1/2) pathway (Kang et al., 2008; Zhang et al., 2010), known to be important in cancer metastasis and aggressiveness (Vicent et al., 2004). Additionally, AQP5 mediates lung cancer cell membrane osmotic water permeability, and has been suggested to contribute to cancer cell migration and invasion by enabling rapid cell volume regulation and subsequent protrusion formation (Chen et al., 2011). The complementary role of ion transport for migration in AQP5-expressing cells was supported by Stroka et al. (2014), who found that cell migration through physically confined spaces occurred despite block of actin polymerization and myosin contraction, but relied on co-expression of the Na+/H+ exchanger with AQP5, supporting AQP5-induced cell volume regulation and its importance in cell motility.

AQP8 expression influences migration and invasion of cervical cancer cells, and AQP3 expression enhances pancreatic and colorectal cancer cell invasion and metastasis (Liu et al., 2012; Li et al., 2013; Shi et al., 2013). Further work is needed to investigate whether mechanisms of AQP3- and AQP8-facilitated cancer cell migration and invasion involve cell volume regulation, protrusion formation, cytoskeletal interaction, or other functional properties of the AQP channels that remain to be defined.

Cell-Matrix Adhesion

Cell-matrix adhesions, first observed in cultured fibroblasts, connect the extracellular matrix to the actin cytoskeleton (Curtis, 1964). During migration, contacts with substratum must form to facilitate extension, and must detach to allow forward displacement of the cell. Insufficient anchoring causes protrusions to collapse, leading to a “membrane ruffling” phenomenon (Vicente-Manzanares and Horwitz, 2011). Protrusions adhere to ECM via integrin receptors, in turn linked to intracellular actin filaments (Ridley et al., 2003). The extracellular binding of integrin receptors to ECM ligands initiates integrin clustering, and activates protein tyrosine kinases and small GTPases. The organization of actin cytoskeleton and cell polarity controls the positions of focal adhesions for cell locomotion (Geiger et al., 2001; Martin et al., 2002). Cell-matrix adhesions create the focal points for generation of traction to pull the cell forward over the substratum.

Classes of aquaporins (AQP1-4) have been shown to interact with adhesion molecules and to influence adhesive properties of migrating cells. Increased AQP1 in mesenchymal stem cells enhances migration by a mechanism involving β-catenin and the focal adhesion kinase (FAK) (Meng et al., 2014), which regulates integrin signaling at focal adhesion sites (Schaller et al., 1992; McLean et al., 2005; Zhao and Guan, 2011). Whether AQP1 and FAK also interact in cancer cell migration remains to be tested. AQP2 appears to promote cell migration by modulating integrin β1 at focal adhesion sites, by a mechanism thought to involve an arginine-glycine-aspartate (RGD) motif in the second extracellular loop of AQP2 (Chen et al., 2012). When AQP2 is absent, integrin β1 is retained at focal adhesion sites, delaying recycling of focal adhesions, thus reducing migration rate. AQP2 also enables estradiol-induced migration and adhesion of endometrial carcinoma cells by mechanisms involving annexin-2 and reorganization of F-actin (Zou et al., 2011). Knockdown of AQP3 in human esophageal and oral squamous cell carcinoma with siRNA correlated with reduced phosphorylation of FAK, impaired cell adhesion and cell death (Kusayama et al., 2011); these effects would be predicted to impair cancer cell migration. AQP4 expression has been suggested to enhance cell-matrix adhesion in cancer cells (McCoy and Sontheimer, 2007). More research is needed to identify the intracellular signaling mechanisms and to determine whether other AQP classes alter cell migration via modulation of cell adhesion.

ECM Degradation

Extracellular matrix degradation widens pathways through which cells can penetrate tissues, and reduces the distortion of the rounded cell body needed for physical progress (Brinckerhoff and Matrisian, 2002; Mott and Werb, 2004). Invadopodia sprout from leading edge filopodia, extending through tiny channels in the ECM, and adhere to ECM collagen fibers (Weaver, 2006; Friedl and Wolf, 2009). To accommodate displacement of the cell body, constraining ECM fibers are cleared by local proteolysis, using surface proteases such as zinc-dependent matrix metalloproteinases (MMP) and serine proteases (Nagase and Woessner, 1999; Netzel-Arnett et al., 2003; Wolf et al., 2007). AQPs−1,−3,−4, and−9 have been shown to interact with specific MMPs to facilitate ECM degradation and invasion.

In lung cancer cells, migration was facilitated by AQP1 expression, linked to expression of MMP2 and MMP9 (Wei and Dong, 2015). In gastric cancer cells (SGC7901), AQP3 levels were correlated with MMP2, MMP9, and MT1-MMP levels, and enhanced invasiveness via phosphoinositide 3-kinase signaling (Xu et al., 2011). Positive correlations between AQP3, MMP2, and MMP9 and cancer invasiveness also occur in lung cancer (Xia et al., 2014; Xiong et al., 2017). In prostate cancer, AQP3 expression is correlated with up-regulation of MMP3 via ERK1/2 signaling, with increased cell motility and invasion (Chen et al., 2015). In glioma, AQP4 levels correlated with migration and invasiveness in vitro and in vivo through a mechanism involving MMP2 (Ding et al., 2011). AQP9 upregulation in prostate cancer could enhance growth, migration, and invasion involving ERK1/2 signaling; reduced levels of phosphorylated ERK1/2 and MMP9 were observed in AQP9-deficient cell lines (Chen et al., 2016). These studies suggest one of the key components of AQP-mediated facilitation of cancer cell invasion is the regulation of MMP proteases needed for degradation of ECM.

Retraction

Following integrin-ligand binding, cross-linking proteins such as myosin II contract the actin filament strands (Vicente-Manzanares et al., 2009), developing tension against the intact adhesion points (Chrzanowska-Wodnicka and Burridge, 1996). The final step in the cycle of cell movement is retraction of the trailing edge. A working model is that membrane tension opens stretch-activated Ca2+ channels, activating calpain and triggering disassembly of focal adhesion proteins on the trailing edge, while concurrent K+ efflux drives volume loss at the cell rear, resulting in detachment and net translocation along the substrate. In this model, the role of AQP channels is to facilitate osmotic water efflux in response to K+ efflux (Huttenlocher et al., 1997; Palecek et al., 1998; Schwab et al., 2007) presumably in parallel with electroneutral efflux of chloride ions.

AQP PHARMACOLOGY AND THERAPEUTIC IMPLICATIONS IN CANCER INVASION AND METASTASIS

Aquaporin pharmacological agents have attracted keen interest for their potential therapeutic uses in diseases involving impaired fluid homeostasis. Aquaporins in cancer metastasis are new translational targets for AQP modulators. Known and proposed inhibitors of AQPs include cysteine-reactive metals such as mercury (II) chloride (HgCl2) (Preston et al., 1993), gold-based compounds (Martins et al., 2013), carbonic anhydrase inhibitor acetazolamide (Ma et al., 2004a; Gao et al., 2006), and small molecule inhibitors such as tetraethylammonium (TEA+) (Brooks et al., 2000), although the small molecule blockers vary in efficacy between preparations. The pharmacological panel for AQPs has been expanding steadily, with new compounds being discovered around the world, including for example the University of Niigata, Japan (Huber et al., 2009), Radboud University, Netherlands (Detmers et al., 2006), the Faculty of Pharmacy, University of Lisbon, Portugal (Martins et al., 2012), the Institute of Food and Agricultural Research and Technology, Barcelona, Spain (Seeliger et al., 2012), the University of Adelaide, Australia (Niemietz and Tyerman, 2002; Yool, 2007), the University of Groningen, Netherlands (Martins et al., 2013), the University of Kiel, Germany (Wu et al., 2008), and others. This review focuses specifically on selected AQP pharmacological agents that to date have been tested in models of cancer cell migration and metastasis (Table 2).


Table 2. Summary of AQP pharmacology used in cancer invasion and metastasis.

[image: image]



Acetazolamide and Topiramate

Acetazolamide and topiramate are FDA-approved drugs that inhibit carbonic anhydrase. Acetazolamide at 100 μM was reported to inhibit water channel activity by 39% for AQP1 expressed in human embryonic kidney (HEK293) cells (Gao et al., 2006), and by 81% at 10 μM in the Xenopus oocyte expression system (Ma et al., 2004a). AQP4 activity was inhibited by 47% at 1,250 μM in proteoliposomes (Tanimura et al., 2009). However, acetazolamide (at doses up to 10,000 μM) did not block water flux in erythrocytes with native AQP1 expression, or epithelial cells transfected with AQP1 (Yang et al., 2006; Søgaard and Zeuthen, 2008). Acetazolamide inhibited angiogenesis in a chick chorioallantoic membrane assay, and tumor growth and metastasis in mice with Lewis lung carcinoma (Xiang et al., 2002, 2004), perhaps as a result of reduced AQP1 expression (Bin and Shi-Peng, 2011). Topiramate reduces Lewis lung carcinoma growth and metastasis, with effects similarly attributed to suppression of AQP1 expression (Ma et al., 2004b). It will be of interest to compare the effects of acetazolamide and topiramate on angiogenesis, tumor growth, and metastasis with those of AQP1 channel inhibitors.

Tetraethylammonium

TEA+ is an inhibitor of voltage-gated potassium channels, calcium-dependent potassium channels, the nicotinic acetylcholine receptor, and it has also been shown to block AQP-1,−2, and−4 water permeability in Xenopus laevis oocytes and kidney derived cell lines (Brooks et al., 2000; Yool et al., 2002; Detmers et al., 2006). However, inhibition of AQP1 water permeability by TEA+ is variable, having been confirmed by some groups (Detmers et al., 2006), and challenged by others (Søgaard and Zeuthen, 2008). Yang et al. (2006) reported no block of water flux by TEA+ in erythrocytes with native AQP1, or in epithelial cells transfected with AQP1, and suggested previous positive results might have been due to inhibition of K+ channels and altered baseline cell volume; however, the observation that site-directed mutation of AQP1 altered TEA sensitivity (Brooks et al., 2000) ruled out this alternative explanation. TEA+ block of AQP1 water permeability reduced cell migration and invasion in in vitro models of osteosarcoma and hepatocellular carcinoma (Pelagalli et al., 2016), with outcomes interpreted as consistent with action of TEA+ as a possible AQP1 inhibitor. However, given the variability in efficacy and cross-talk with other channels, TEA+ is not an ideal candidate for clinical development, although the targets causing the observed block of cancer cell migration and invasion might merit further investigation.

Bumetanide Derivatives

Bumetanide is a sulfamoylanthranilic acid derivative used clinically to increase diuresis by blocking sodium cotransporter activity at the loop of Henle in the nephron. Molecular derivatives of bumetanide have been synthesized and found to exhibit inhibitory effects on classes of AQP channels. For example, the bumetanide derivative AqB013 blocks osmotic water fluxes mediated by mammalian AQP1 and AQP4 channels expressed in Xenopus laevis oocytes (Migliati et al., 2009). The water channel blocker AqB013 was shown to inhibit endothelial tube formation and colon cancer cell migration and invasion in vitro (Dorward et al., 2016). Other bumetanide derivatives, AqB011 and AqB007, block the AQP1 ion conductance, but not water flux (Kourghi et al., 2015). In AQP1, the central tetrameric pore is thought to be permeable to monovalent cations, CO2, and NO (Nakhoul et al., 1998; Herrera et al., 2006; Yu et al., 2006; Musa-Aziz et al., 2009), although some work questioned AQP1-mediated CO2 and cation transport properties (Yang et al., 2000; Fang et al., 2002; Tsunoda et al., 2004). An ionic conductance in AQP1-expressing Xenopus oocytes stimulated with forskolin was first reported in 1996 (Yool et al., 1996); however, the forskolin response proved to be inconsistent when repeated by other groups (Agre et al., 1997). Further work showed the forskolin effect was indirect; the direct regulation of the AQP1 cation conductance depended on cGMP binding (Anthony et al., 2000). The reason that AQP1 cation channels have low opening probability (Saparov et al., 2001) or are not detectable (Tsunoda et al., 2004) reflects the availability of AQP1 to be gated by cGMP, which depends on tyrosine phosphorylation status of the carboxyl terminal domain, suggesting the AQP1 ion channel function is highly regulated (Campbell et al., 2012). With the discovery of AQP1 ion blocking agents, AqB011 and AqB007, the physiological function of the ion channel activity could finally be addressed. When applied to AQP1-expressing HT29 colon cancer cells, these inhibitory compounds significantly reduced cancer cell motility (Kourghi et al., 2015), suggesting a physiological role of AQP1 ion conductance in cell migration. Mutation of the candidate binding site in the AQP1 intracellular loop D domain removed sensitivity to AqB011, showing that the inhibitory mechanism directly involved the AQP1 channel and could not readily be attributed to off-target actions on other channels or transporters (Kourghi et al., 2018). Another bumetanide derivative AqB050 was shown to inhibit mesothelioma cell motility and metastatic potential in vitro, but not in vivo (Klebe et al., 2015). The mechanism of action of AqB050 in blocking mesothelioma cell motility in vitro remains to be determined.

Plant-Based Derivatives

Plant-based derivatives that reduce cancer cell migration and invasion include agents that have also have been found to inhibit AQPs. Bacopa monnieri is a perennial herb native to the wetlands of India that is used in alternative medicinal therapies. Chemical constituents bacopaside-I and bacopaside-II, were shown to block AQP1 but not AQP4 water channels (Pei et al., 2016). Pei and colleagues also found that bacopaside-I and bacopaside-II attenuated migration of colon cancer cell lines expressing high levels of AQP1, but had no effect on lines with low AQP1, suggesting the inhibitory effects were AQP1-specific. Ginsenoside Rg3 from a traditional Asian medicinal plant Panax ginseng is an intriguing candidate for possible anti-metastatic therapies. Ginsenoside Rg3 inhibited prostate cancer cell migration and was associated with downregulation of AQP1 expression via the p38 MAPK pathway and transcription factors (Pan et al., 2012). Effects of Ginsenoside Rg3 directly on water channel activity, or on expression levels of other aquaporins, remain unknown. Curcumin is a naturally occurring ingredient in turmeric, used as therapeutic tool for pathologies including cancer (Gupta et al., 2013). Curcumin was found to inhibit EGF-induced upregulation of AQP3 and migration in human ovarian cancer cells, via inhibition of AKT/ERK and PI3K pathways (Ji et al., 2008); however, curcumin affects a number of biochemical pathways and might not be suited when AQP-specific modulation is required (Aggarwal et al., 2003). Research on the effects of curcumin in other cancers such as gastric cancer, in which EGF-induced AQP3 up-regulation occurs, might further understanding of the role of AQP3 in cell migration and invasion (Huang et al., 2010).

Metal-Based Inhibitors

Mercury has classically been used as an AQP1 inhibitor. In the human AQP1 monomer, the NPA motif in loop E is near cysteine 189, which is the site at which mercury inhibits osmotic water permeability (Preston et al., 1993). Lack of a cysteine in the corresponding position is consistent with mercury insensitivity in mammalian AQP4 (Preston et al., 1993). However, mercury is not a promising candidate for AQP-specific modulation or therapeutic application due to its toxicity and non-specific side-effects. Metal-based inhibitors that have been tested in models of cancer include AQP3 inhibitors such as NiCl2 (Zelenina et al., 2003) and CuSO4 (Zelenina et al., 2004), which inhibited EGF-induced cell migration in human ovarian cancer cells. Auphen is a gold-based compound which, when administered at concentrations of 100 μM, blocks AQP3 glycerol transport by 90%, and water transport by 20% in human red blood cells (Martins et al., 2012). Auphen also blocks proliferation in various mammalian cell lines, including human epidermoid carcinoma, by inhibiting AQP3 glycerol transport (Serna et al., 2014). This merits more research into the importance of AQP3-facilitated glycerol transport in cancer invasiveness, and whether gold-based compounds such as auphen can also be used to suppress cancer invasion and metastasis.

CONCLUSION

Aquaporin-dependent mechanisms serve as key steps throughout the process of metastasis, in angiogenesis, cellular dissociation, cell migration and invasion. AQPs−1,−2,−3,−4,−5,−8, and−9 contribute to one or more processes, generally potentiating cancer invasion and metastasis by boosting tumor angiogenesis, enhancing cell volume regulation, regulating cell-cell and cell-matrix adhesions, interacting with the actin cytoskeleton, regulating proteases and ECM degrading molecules, contributing to the regulation of epithelial-mesenchymal transition in cancer cells, and interacting with specific signaling pathways important in cancer cell motility and invasions. Pharmacological agents for aquaporin channels have therapeutic promise for improving cancer treatment, and include derivatives of bumetanide, organic metal compounds, plant medicinal agents, and other small molecule compounds. Although conflicting evidence has been raised for some compounds, there is nevertheless a compelling need to continue identifying novel candidates for AQP-specific modulators relevant not only for the treatment of cancer, but other pathological conditions. In conclusion, although much remains to be defined for molecular mechanisms in cancer invasion and metastasis, the roles of AQP channel function in cancer progression will inspire new therapeutic targets for improving treatment of malignant and invasive carcinomas.

AUTHOR CONTRIBUTIONS

MD: wrote the manuscript; AY: reviewed and edited the manuscript.

FUNDING

This work was supported by a Discovery Project grant from Australian Research Council (ARC DP160104641).

ACKNOWLEDGMENTS

Thanks to Dr. Jinxin Pei for assisting with molecular structure diagrams (Table 2).

REFERENCES

 Abreu-Rodríguez, I., Silva, R. S., Martins, A. P., Soveral, G., Toledo-Aral, J. J., López-Barneo, J., et al. (2011). Functional and transcriptional induction of aquaporin-1 gene by hypoxia; analysis of promoter and role of Hif-1α. PLoS ONE 6:e28385. doi: 10.1371/journal.pone.0028385

 Aggarwal, B. B., Kumar, A., and Bharti, A. C. (2003). Anticancer potential of curcumin: preclinical and clinical studies. Anticancer Res. 23, 363–398.

 Agre, P., Lee, M. D., Devidas, S., and Guggino, W. B. (1997). Aquaporins and ion conductance. Science 275:1490; author reply 1492. doi: 10.1126/science.275.5305.1490

 Aishima, S., Kuroda, Y., Nishihara, Y., Taguchi, K., Iguchi, T., Taketomi, A., et al. (2007). Down-regulation of aquaporin-1 in intrahepatic cholangiocarcinoma is related to tumor progression and mucin expression. Hum. Pathol. 38, 1819–1825. doi: 10.1016/j.humpath.2007.04.016

 Alizadeh, A. M., Shiri, S., and Farsinejad, S. (2014). Metastasis review: from bench to bedside. Tumor Biol. 35, 8483–8523. doi: 10.1007/s13277-014-2421-z

 Allen, W. E., Jones, G. E., Pollard, J. W., and Ridley, A. J. (1997). Rho, Rac and Cdc42 regulate actin organization and cell adhesion in macrophages. J. Cell Sci. 110, 707–720.

 Allen, W. E., Zicha, D., Ridley, A. J., and Jones, G. E. (1998). A role for Cdc42 in macrophage chemotaxis. J. Cell Biol. 141, 1147–1157. doi: 10.1083/jcb.141.5.1147

 Almasalmeh, A., Krenc, D., Wu, B., and Beitz, E. (2014). Structural determinants of the hydrogen peroxide permeability of aquaporins. FEBS J. 281, 647–656. doi: 10.1111/febs.12653

 Angst, B. D., Marcozzi, C., and Magee, A. I. (2001). The cadherin superfamily: diversity in form and function. J. Cell Sci. 114, 629–641.

 Anthony, T. L., Brooks, H. L., Boassa, D., Leonov, S., Yanochko, G. M., Regan, J. W., et al. (2000). Cloned human aquaporin-1 is a cyclic GMP-gated ion channel. Mol. Pharmacol. 57, 576–588. doi: 10.1124/mol.57.3.576

 Bhattacharjee, H., Carbrey, J., Rosen, B. P., and Mukhopadhyay, R. (2004). Drug uptake and pharmacological modulation of drug sensitivity in leukemia by AQP9. Biochem. Biophys. Res. Commun. 322, 836–841. doi: 10.1016/j.bbrc.2004.08.002

 Bienert, G. P., Møller, A. L., Kristiansen, K. A., Schulz, A., Møller, I. M., Schjoerring, J. K., et al. (2007). Specific aquaporins facilitate the diffusion of hydrogen peroxide across membranes. J. Biol. Chem. 282, 1183–1192. doi: 10.1074/jbc.M603761200

 Bin, K., and Shi-Peng, Z. (2011). Acetazolamide inhibits aquaporin-1 expression and colon cancer xenograft tumor growth. Hepatogastroenterology 58, 1502–1506. doi: 10.5754/hge11154

 Binder, D. K., Yao, X., Zador, Z., Sick, T. J., Verkman, A. S., and Manley, G. T. (2006). Increased seizure duration and slowed potassium kinetics in mice lacking aquaporin-4 water channels. Glia 53, 631–636. doi: 10.1002/glia.20318

 Bjørkskov, F. B., Krabbe, S. L., Nurup, C. N., Missel, J. W., Spulber, M., Bomholt, J., et al. (2017). Purification and functional comparison of nine human Aquaporins produced in Saccharomyces cerevisiae for the purpose of biophysical characterization. Sci. Rep. 7:16899. doi: 10.1038/s41598-017-17095-6

 Bretscher, M. S., and Aguado-Velasco, C. (1998). Membrane traffic during cell locomotion. Curr. Opin. Cell Biol. 10, 537–541. doi: 10.1016/S0955-0674(98)80070-7

 Brinckerhoff, C. E., and Matrisian, L. M. (2002). Matrix metalloproteinases: a tail of a frog that became a prince. Nat. Rev. Mol. Cell Biol. 3, 207–214. doi: 10.1038/nrm763

 Brooks, H. L., Regan, J. W., and Yool, A. J. (2000). Inhibition of aquaporin-1 water permeability by tetraethylammonium: involvement of the loop E pore region. Mol. Pharmacol. 57, 1021–1026.

 Calamita, G., Ferri, D., Bazzini, C., Mazzone, A., Botta, G., Liquori, G. E., et al. (2005). Expression and subcellular localization of the AQP8 and AQP1 water channels in the mouse gall-bladder epithelium. Biol. Cell 97, 415–423. doi: 10.1042/BC20040137

 Camerino, G., Nicchia, G., Dinardo, M., Ribatti, D., Svelto, M., and Frigeri, A. (2006). In vivo silencing of aquaporin-1 by RNA interference inhibits angiogenesis in the chick embryo chorioallantoic membrane assay. Cell. Mol. Biol. 52, 51–56.

 Campbell, E. M., Birdsell, D. N., and Yool, A. J. (2012). The activity of human aquaporin 1 as a cGMP-gated cation channel is regulated by tyrosine phosphorylation in the carboxyl-terminal domain. Mol. Pharmacol. 81, 97–105. doi: 10.1124/mol.111.073692

 Cano, A., Pérez-Moreno, M. A., Rodrigo, I., Locascio, A., Blanco, M. J., del Barrio, M. G., et al. (2000). The transcription factor snail controls epithelial–mesenchymal transitions by repressing E-cadherin expression. Nat. Cell Biol. 2, 76–83. doi: 10.1038/35000025

 Carbrey, J. M., Song, L., Zhou, Y., Yoshinaga, M., Rojek, A., Wang, Y., et al. (2009). Reduced arsenic clearance and increased toxicity in aquaglyceroporin-9-null mice. Proc. Natl. Acad. Sci. U.S.A. 106, 15956–15960. doi: 10.1073/pnas.0908108106

 Cavallaro, U., and Christofori, G. (2004). Cell adhesion and signalling by cadherins and Ig-CAMs in cancer. Nat. Rev. Cancer 4, 118–132. doi: 10.1038/nrc1276

 Chae, Y. K., Kang, S. K., Kim, M. S., Woo, J., Lee, J., Chang, S., et al. (2008a). Human AQP5 plays a role in the progression of chronic myelogenous leukemia (CML). PLoS ONE 3:e2594. doi: 10.1371/journal.pone.0002594

 Chae, Y. K., Woo, J., Kim, M.-J., Kang, S. K., Kim, M. S., Lee, J., et al. (2008b). Expression of aquaporin 5 (AQP5) promotes tumor invasion in human non small cell lung cancer. PLoS ONE 3:e2162. doi: 10.1371/journal.pone.0002162

 Chandy, G., Zampighi, G. A., Kreman, M., and Hall, J. E. (1997). Comparison of the water transporting properties of MIP and AQP1. J. Membr. Biol. 159, 29–39. doi: 10.1007/s002329900266

 Chen, C., Ma, T., Zhang, C., Zhang, H., Bai, L., Kong, L., et al. (2017). Down-regulation of aquaporin 5-mediated epithelial-mesenchymal transition and anti-metastatic effect by natural product Cairicoside E in colorectal cancer. Mol. Carcinog. 56, 2692–2705. doi: 10.1002/mc.22712

 Chen, J., Wang, T., Zhou, Y.-C., Gao, F., Zhang, Z.-H., Xu, H., et al. (2014). Aquaporin 3 promotes epithelial-mesenchymal transition in gastric cancer. J. Exp. Clin. Cancer Res. 33:38. doi: 10.1186/1756-9966-33-38

 Chen, J., Wang, Z., Xu, D., Liu, Y., and Gao, Y. (2015). Aquaporin 3 promotes prostate cancer cell motility and invasion via extracellular signal-regulated kinase 1/2-mediated matrix metalloproteinase-3 secretion. Mol. Med. Rep. 11, 2882–2888. doi: 10.3892/mmr.2014.3097

 Chen, Q., Zhu, L., Zheng, B., Wang, J., Song, X., Zheng, W., et al. (2016). Effect of AQP9 expression in androgen-independent prostate cancer cell PC3. Int. J. Mol. Sci. 17:738. doi: 10.3390/ijms17050738

 Chen, Y., Rice, W., Gu, Z., Li, J., Huang, J., Brenner, M. B., et al. (2012). Aquaporin 2 promotes cell migration and epithelial morphogenesis. J. Am. Soc. Nephrol. 23, 1506–1517. doi: 10.1681/ASN.2012010079

 Chen, Y., Tachibana, O., Oda, M., Xu, R., Hamada, J.-I, Yamashita, J., et al. (2006). Increased expression of aquaporin 1 in human hemangioblastomas and its correlation with cyst formation. J. Neurooncol. 80, 219–225. doi: 10.1007/s11060-005-9057-1

 Chen, Z., Zhang, Z., Gu, Y., and Bai, C. (2011). Impaired migration and cell volume regulation in aquaporin 5-deficient SPC-A1 cells. Respir. Physiol. Neurobiol. 176, 110–117. doi: 10.1016/j.resp.2011.02.001

 Cho, S.-J., Sattar, A. A., Jeong, E.-H., Satchi, M., Cho, J. A., Dash, S., et al. (2002). Aquaporin 1 regulates GTP-induced rapid gating of water in secretory vesicles. Proc. Natl. Acad. Sci. U.S.A. 99, 4720–4724. doi: 10.1073/pnas.072083499

 Chrzanowska-Wodnicka, M., and Burridge, K. (1996). Rho-stimulated contractility drives the formation of stress fibers and focal adhesions. J. Cell Biol. 133, 1403–1415. doi: 10.1083/jcb.133.6.1403

 Chua, H., Bhat-Nakshatri, P., Clare, S., Morimiya, A., Badve, S., and Nakshatri, H. (2007). NF-κB represses E-cadherin expression and enhances epithelial to mesenchymal transition of mammary epithelial cells: potential involvement of ZEB-1 and ZEB-2. Oncogene 26, 711–724. doi: 10.1038/sj.onc.1209808

 Clapp, C., and de la Escalera, G. M. (2006). Aquaporin-1: a novel promoter of tumor angiogenesis. Trends Endocrinol. Metab. 17, 1–2. doi: 10.1016/j.tem.2005.11.009

 Condeelis, J. (1993). Life at the leading edge: the formation of cell protrusions. Annu. Rev. Cell Biol. 9, 411–444. doi: 10.1146/annurev.cb.09.110193.002211

 Cramer, L. P., Siebert, M., and Mitchison, T. J. (1997). Identification of novel graded polarity actin filament bundles in locomoting heart fibroblasts: implications for the generation of motile force. J. Cell Biol. 136, 1287–1305. doi: 10.1083/jcb.136.6.1287

 Curtis, A. (1964). The mechanism of adhesion of cells to glass A study by interference reflection microscopy. J. Cell Biol. 20, 199–215. doi: 10.1083/jcb.20.2.199

 Demir, R., Seval, Y., and Huppertz, B. (2007). Vasculogenesis and angiogenesis in the early human placenta. Acta Histochem. 109, 257–265. doi: 10.1016/j.acthis.2007.02.008

 Demir, R., Yaba, A., and Huppertz, B. (2010). Vasculogenesis and angiogenesis in the endometrium during menstrual cycle and implantation. Acta Histochem. 112, 203–214. doi: 10.1016/j.acthis.2009.04.004

 Denker, B. M., Smith, B. L., Kuhajda, F. P., and Agre, P. (1988). Identification, purification, and partial characterization of a novel Mr 28,000 integral membrane protein from erythrocytes and renal tubules. J. Biol. Chem. 263, 15634–15642.

 Detmers, F. J., de Groot, B. L., Müller, E. M., Hinton, A., Konings, I. B., Sze, M., et al. (2006). Quaternary ammonium compounds as water channel blockers. Specificity, potency, and site of action. J. Biol. Chem. 281, 14207–14214. doi: 10.1074/jbc.M513072200

 Diez, S., Gerisch, G., Anderson, K., Müller-Taubenberger, A., and Bretschneider, T. (2005). Subsecond reorganization of the actin network in cell motility and chemotaxis. Proc. Natl. Acad. Sci. U.S.A. 102, 7601–7606. doi: 10.1073/pnas.0408546102

 Ding, T., Ma, Y., Li, W., Liu, X., Ying, G., Fu, L., et al. (2011). Role of aquaporin-4 in the regulation of migration and invasion of human glioma cells. Int. J. Oncol. 38, 1521–1531. doi: 10.3892/ijo.2011.983

 Direito, I., Paulino, J., Vigia, E., Brito, M. A., and Soveral, G. (2017). Differential expression of aquaporin-3 and aquaporin-5 in pancreatic ductal adenocarcinoma. J. Surg. Oncol. 115, 980–996. doi: 10.1002/jso.24605

 Disanza, A., Steffen, A., Hertzog, M., Frittoli, E., Rottner, K., and Scita, G. (2005). Actin polymerization machinery: the finish line of signaling networks, the starting point of cellular movement. Cell. Mol. Life Sci. 62, 955–970. doi: 10.1007/s00018-004-4472-6

 Dittmar, T., Heyder, C., Gloria-Maercker, E., Hatzmann, W., and Zänker, K. S. (2008). Adhesion molecules and chemokines: the navigation system for circulating tumor (stem) cells to metastasize in an organ-specific manner. Clin. Exp. Metastasis 25, 11–32. doi: 10.1007/s10585-007-9095-5

 Dorward, H. S., Du, A., Bruhn, M. A., Wrin, J., Pei, J. V., Evdokiou, A., et al. (2016). Pharmacological blockade of aquaporin-1 water channel by AqB013 restricts migration and invasiveness of colon cancer cells and prevents endothelial tube formation in vitro. Nat. Rev. Cancer 35:36. doi: 10.1186/s13046-016-0310-6

 Drubin, D. G., and Nelson, W. J. (1996). Origins of cell polarity. Cell 84, 335–344. doi: 10.1016/S0092-8674(00)81278-7

 Echevarria, M., Windhager, E. E., Tate, S. S., and Frindt, G. (1994). Cloning and expression of AQP3, a water channel from the medullary collecting duct of rat kidney. Proc. Natl. Acad. Sci. U.S.A. 91, 10997–11001. doi: 10.1073/pnas.91.23.10997

 Egginton, S. (2009). Invited review: activity-induced angiogenesis. Pflügers Arch. Eur. J. Physiol. 457:963. doi: 10.1007/s00424-008-0563-9

 Ehring, G. R., and Hall, J. E. (1988). “Single channel properties of lens MIP 28 reconstituted into planar lipid bilayers,” in Proceedings of the Western Pharmacology Society, 251.

 El Hindy, N., Bankfalvi, A., Herring, A., Adamzik, M., Lambertz, N., Zhu, Y., et al. (2013). Correlation of aquaporin-1 water channel protein expression with tumor angiogenesis in human astrocytoma. Anticancer Res. 33, 609–613.

 Endo, M., Jain, R. K., Witwer, B., and Brown, D. (1999). Water channel (aquaporin 1) expression and distribution in mammary carcinomas and glioblastomas. Microvasc. Res. 58, 89–98. doi: 10.1006/mvre.1999.2158

 Esteva-Font, C., Jin, B.-J., and Verkman, A. S. (2014). Aquaporin-1 gene deletion reduces breast tumor growth and lung metastasis in tumor-producing MMTV-PyVT mice. FASEB J. 28, 1446–1453. doi: 10.1096/fj.13-245621

 Etienne-Manneville, S., and Hall, A. (2003). Cell polarity: Par6, aPKC and cytoskeletal crosstalk. Curr. Opin. Cell Biol. 15, 67–72. doi: 10.1016/S0955-0674(02)00005-4

 Fang, X., Yang, B., Matthay, M. A., and Verkman, A. (2002). Evidence against aquaporin-1-dependent CO2 permeability in lung and kidney. J. Physiol. 542, 63–69. doi: 10.1113/jphysiol.2001.013813

 Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., et al. (2015). Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int. J.Cancer 136, E359–E386. doi: 10.1002/ijc.29210

 Finn, R. N., and Cerdà, J. (2015). Evolution and functional diversity of aquaporins. Biol. Bull. 229, 6–23. doi: 10.1086/BBLv229n1p6

 Finn, R. N., Chauvign,é, F., Hlidberg, J. B., Cutler, C. P., and Cerdà, J. (2014). The lineage-specific evolution of aquaporin gene clusters facilitated tetrapod terrestrial adaptation. PLoS ONE 9:e113686. doi: 10.1371/journal.pone.0113686

 Fletcher, S. J., and Rappoport, J. Z. (2010). Moving forward: polarised trafficking in cell migration. Trends Cell Biol. 20, 71–78. doi: 10.1016/j.tcb.2009.11.006

 Folkman, J., Cole, P., and Zimmerman, S. (1966). Tumor behavior in isolated perfused organs: in vitro growth and metastases of biopsy material in rabbit thyroid and canine intestinal segment. Ann. Surg. 164:491. doi: 10.1097/00000658-196609000-00012

 Fossdal, G., Vik-Mo, E. O., Sandberg, C., Varghese, M., Kaarbø, M., Telmo, E., et al. (2012). Aqp 9 and brain tumour stem cells. Sci. World J. 2012:915176. doi: 10.1100/2012/915176

 Friedl, P., and Weigelin, B. (2008). Interstitial leukocyte migration and immune function. Nat. Immunol. 9, 960–969. doi: 10.1038/ni.f.212

 Friedl, P., and Wolf, K. (2003). Tumour-cell invasion and migration: diversity and escape mechanisms. Nat. Rev. Cancer 3, 362–374. doi: 10.1038/nrc1075

 Friedl, P., and Wolf, K. (2009). Proteolytic interstitial cell migration: a five-step process. Cancer Metastasis Rev. 28, 129–135. doi: 10.1007/s10555-008-9174-3

 Friedl, P., Hegerfeldt, Y., and Tusch, M. (2004). Collective cell migration in morphogenesis and cancer. Int. J. Dev. Biol. 48, 441–450. doi: 10.1387/ijdb.041821pf

 Fushimi, K., Uchida, S., Hara, Y., Hirata, Y., Marumo, F., and Sasaki, S. (1993). Cloning and expression of apical membrane water channel of rat kidney collecting tubule. Nature 361:549. doi: 10.1038/361549a0

 Gamelin, E., Gamelin, L., Bossi, L., and Quasthoff, S. (2002). Clinical aspects and molecular basis of oxaliplatin neurotoxicity: current management and development of preventive measures. Semin. Oncol. 29(5Suppl. 15), 21–33. doi: 10.1053/sonc.2002.35525

 Gao, J., Wang, X., Chang, Y., Zhang, J., Song, Q., Yu, H., et al. (2006). Acetazolamide inhibits osmotic water permeability by interaction with aquaporin-1. Anal. Biochem. 350, 165–170. doi: 10.1016/j.ab.2006.01.003

 Geiger, B., Bershadsky, A., Pankov, R., and Yamada, K. M. (2001). Transmembrane crosstalk between the extracellular matrix and the cytoskeleton. Nat. Rev. Mol. Cell Biol. 2, 793–805. doi: 10.1038/35099066

 Goldstein, B., and Macara, I. G. (2007). The PAR proteins: fundamental players in animal cell polarization. Dev. Cell 13, 609–622. doi: 10.1016/j.devcel.2007.10.007

 Gralow, J. R., Biermann, J. S., Farooki, A., Fornier, M. N., Gagel, R. F., Kumar, R., et al. (2013). NCCN task force report: bone health in cancer care. J. Natl. Comp. Cancer Netw. 11, S1–S50. doi: 10.6004/jnccn.2013.0215

 Guarino, M., Rubino, B., and Ballabio, G. (2007). The role of epithelial-mesenchymal transition in cancer pathology. Pathology 39, 305–318. doi: 10.1080/00313020701329914

 Guo, X., Sun, T., Yang, M., Li, Z., Li, Z., and Gao, Y. (2013). Prognostic value of combined aquaporin 3 and aquaporin 5 overexpression in hepatocellular carcinoma. Biomed Res. Int. 2013:206525. doi: 10.1155/2013/206525

 Gupta, S. C., Patchva, S., and Aggarwal, B. B. (2013). Therapeutic roles of curcumin: lessons learned from clinical trials. AAPS J. 15, 195–218. doi: 10.1208/s12248-012-9432-8

 Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Science 279, 509–514. doi: 10.1126/science.279.5350.509

 Hara-Chikuma, M., and Verkman, A. (2008a). Aquaporin-3 facilitates epidermal cell migration and proliferation during wound healing. J. Mol. Med. 86, 221–231. doi: 10.1007/s00109-007-0272-4

 Hara-Chikuma, M., and Verkman, A. (2008b). Prevention of skin tumorigenesis and impairment of epidermal cell proliferation by targeted aquaporin-3 gene disruption. Mol. Cell. Biol. 28, 326–332. doi: 10.1128/MCB.01482-07

 Hara-Chikuma, M., and Verkman, A. S. (2006). Aquaporin-1 facilitates epithelial cell migration in kidney proximal tubule. J. Am. Soc. Nephrol. 17, 39–45. doi: 10.1681/ASN.2005080846

 Hara-Chikuma, M., Chikuma, S., Sugiyama, Y., Kabashima, K., Verkman, A. S., Inoue, S., et al. (2012). Chemokine-dependent T cell migration requires aquaporin-3–mediated hydrogen peroxide uptake. J. Exp. Med. 209, 1743–1752. doi: 10.1084/jem.20112398

 Hara-Chikuma, M., Watanabe, S., and Satooka, H. (2016). Involvement of aquaporin-3 in epidermal growth factor receptor signaling via hydrogen peroxide transport in cancer cells. Biochem. Biophys. Res. Commun. 471, 603–609. doi: 10.1016/j.bbrc.2016.02.010

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

 Herrera, M., and Garvin, J. L. (2011). Aquaporins as gas channels. Pflügers Arch. Eur. J. Physiol. 462:623. doi: 10.1007/s00424-011-1002-x

 Herrera, M., Hong, N. J., and Garvin, J. L. (2006). Aquaporin-1 transports NO across cell membranes. Hypertension 48, 157–164. doi: 10.1161/01.HYP.0000223652.29338.77

 Hoffert, J. D., Pisitkun, T., Wang, G., Shen, R.-F., and Knepper, M. A. (2006). Quantitative phosphoproteomics of vasopressin-sensitive renal cells: regulation of aquaporin-2 phosphorylation at two sites. Proc. Natl. Acad. Sci. U.S.A. 103, 7159–7164. doi: 10.1073/pnas.0600895103

 Holm, L. M., Jahn, T. P., Møller, A. L., Schjoerring, J. K., Ferri, D., Klaerke, D. A., et al. (2005). NH3 and NH4+ permeability in aquaporin-expressing Xenopus oocytes. Pflügers Arch. 450, 415–428. doi: 10.1007/s00424-005-1399-1

 Hoque, M. O., Soria, J.-C., Woo, J., Lee, T., Lee, J., Jang, S. J., et al. (2006). Aquaporin 1 is overexpressed in lung cancer and stimulates NIH-3T3 cell proliferation and anchorage-independent growth. Am. J. Pathol. 168, 1345–1353. doi: 10.2353/ajpath.2006.050596

 Howard-Anderson, J., Ganz, P. A., Bower, J. E., and Stanton, A. L. (2012). Quality of life, fertility concerns, and behavioral health outcomes in younger breast cancer survivors: a systematic review. J. Natl. Cancer Inst. 104, 386–405. doi: 10.1093/jnci/djr541

 Hu, J., and Verkman, A. S. (2006). Increased migration and metastatic potential of tumor cells expressing aquaporin water channels. FASEB J. 20, 1892–1894. doi: 10.1096/fj.06-5930fje

 Huang, Y., Zhu, Z., Sun, M., Wang, J., Guo, R., Shen, L., et al. (2010). Critical role of aquaporin-3 in the human epidermal growth factor-induced migration and proliferation in the human gastric adenocarcinoma cells. Cancer Biol. Ther. 9, 1000–1007. doi: 10.4161/cbt.9.12.11705

 Huber, V. J., Tsujita, M., Kwee, I. L., and Nakada, T. (2009). Inhibition of aquaporin 4 by antiepileptic drugs. Bioorg. Med. Chem. 17, 418–424. doi: 10.1016/j.bmc.2007.12.038

 Huttenlocher, A., Palecek, S. P., Lu, Q., Zhang, W., Mellgren, R. L., Lauffenburger, D. A., et al. (1997). Regulation of cell migration by the calcium-dependent protease calpain. J. Biol. Chem. 272, 32719–32722. doi: 10.1074/jbc.272.52.32719

 Hwang, I., Jung, S.-I., Hwang, E.-C., Song, S. H., Lee, H.-S., Kim, S.-O., et al. (2012). Expression and localization of aquaporins in benign prostate hyperplasia and prostate cancer. Chonnam Med. J. 48, 174–178. doi: 10.4068/cmj.2012.48.3.174

 Ibarra, N., Pollitt, A., and Insall, R. (2005). Regulation of actin assembly by SCAR/WAVE proteins. Biochem. Soc. Trans. 33(Pt 6), 1243–1246. doi: 10.1042/BST0331243

 Ishibashi, K. (2009). New members of mammalian aquaporins: AQP10–AQP12. Aquaporins 190, 251–262. doi: 10.1007/978-3-540-79885-9_13

 Ishibashi, K., Hara, S., and Kondo, S. (2009). Aquaporin water channels in mammals. Clin. Exp. Nephrol. 13, 107–117. doi: 10.1007/s10157-008-0118-6

 Ishibashi, K., Kuwahara, M., Gu, Y., Kageyama, Y., Tohsaka, A., Suzuki, F., et al. (1997a). Cloning and functional expression of a new water channel abundantly expressed in the testis permeable to water, glycerol, and urea. J. Biol. Chem. 272, 20782–20786. doi: 10.1074/jbc.272.33.20782

 Ishibashi, K., Kuwahara, M., Gu, Y., Tanaka, Y., Marumo, F., and Sasaki, S. (1998). Cloning and functional expression of a new aquaporin (AQP9) abundantly expressed in the peripheral leukocytes permeable to water and urea, but not to glycerol. Biochem. Biophys. Res. Commun. 244, 268–274. doi: 10.1006/bbrc.1998.8252

 Ishibashi, K., Kuwahara, M., Kageyama, Y., Tohsaka, A., Marumo, F., and Sasaki, S. (1997b). Cloning and functional expression of a second new aquaporin abundantly expressed in testis. Biochem. Biophys. Res. Commun. 237, 714–718. doi: 10.1006/bbrc.1997.7219

 Ishibashi, K., Morinaga, T., Kuwahara, M., Sasaki, S., and Imai, M. (2002). Cloning and identification of a new member of water channel (AQP10) as an aquaglyceroporin. Biochim. Biophys. Acta 1576, 335–340. doi: 10.1016/S0167-4781(02)00393-7

 Ishibashi, K., Sasaki, S., Fushimi, K., Uchida, S., Kuwahara, M., Saito, H., et al. (1994). Molecular cloning and expression of a member of the aquaporin family with permeability to glycerol and urea in addition to water expressed at the basolateral membrane of kidney collecting duct cells. Proc. Natl. Acad. Sci. U.S.A. 91, 6269–6273. doi: 10.1073/pnas.91.14.6269

 Jensen, M. Ø., Tajkhorshid, E., and Schulten, K. (2001). The mechanism of glycerol conduction in aquaglyceroporins. Structure 9, 1083–1093. doi: 10.1016/S0969-2126(01)00668-2

 Ji, C., Cao, C., Lu, S., Kivlin, R., Amaral, A., Kouttab, N., et al. (2008). Curcumin attenuates EGF-induced AQP3 up-regulation and cell migration in human ovarian cancer cells. Cancer Chemother. Pharmacol. 62, 857–865. doi: 10.1007/s00280-007-0674-6

 Jiang, Y. (2009). Aquaporin-1 activity of plasma membrane affects HT20 colon cancer cell migration. IUBMB Life 61, 1001–1009. doi: 10.1002/iub.243

 Jiang, Y., and Jiang, Z.-B. (2010). Aquaporin 1-expressing MCF-7 mammary carcinoma cells show enhanced migration in vitro. J. Biomed. Sci. Eng. 3:95. doi: 10.4236/jbise.2010.31014

 Johnson, D. I., and Pringle, J. R. (1990). Molecular characterization of CDC42, a Saccharomyces cerevisiae gene involved in the development of cell polarity. J. Cell Biol. 111, 143–152. doi: 10.1083/jcb.111.1.143

 Jung, H. J., Park, J.-Y., Jeon, H.-S., and Kwon, T.-H. (2011). Aquaporin-5: a marker protein for proliferation and migration of human breast cancer cells. PLoS ONE 6:e28492. doi: 10.1371/journal.pone.0028492

 Jung, J. S., Preston, G. M., Smith, B. L., Guggino, W. B., and Agre, P. (1994). Molecular structure of the water channel through aquaporin CHIP. The hourglass model. J. Biol. Chem. 269, 14648–14654.

 Kalluri, R., and Weinberg, R. A. (2009). The basics of epithelial-mesenchymal transition. J. Clin. Invest. 119:1420. doi: 10.1172/JCI39104

 Kaneko, K., Yagui, K., Tanaka, A., Yoshihara, K., Ishikawa, K., Takahashi, K., et al. (2008). Aquaporin 1 is required for hypoxia-inducible angiogenesis in human retinal vascular endothelial cells. Microvasc. Res. 75, 297–301. doi: 10.1016/j.mvr.2007.12.003

 Kang, B. W., Kim, J. G., Lee, S. J., Chae, Y. S., Jeong, J. Y., Yoon, G. S., et al. (2015). Expression of aquaporin-1, aquaporin-3, and aquaporin-5 correlates with nodal metastasis in colon cancer. Oncology 88, 369–376. doi: 10.1159/000369073

 Kang, S. K., Chae, Y. K., Woo, J., Kim, M. S., Park, J. C., Lee, J., et al. (2008). Role of human aquaporin 5 in colorectal carcinogenesis. Am. J. Pathol. 173, 518–525. doi: 10.2353/ajpath.2008.071198

 Klausen, M., Aaes-Jørgensen, A., Molin, S., and Tolker-Nielsen, T. (2003). Involvement of bacterial migration in the development of complex multicellular structures in Pseudomonas aeruginosa biofilms. Mol. Microbiol. 50, 61–68. doi: 10.1046/j.1365-2958.2003.03677.x

 Klebe, S., Griggs, K., Cheng, Y., Driml, J., Henderson, D. W., and Reid, G. (2015). Blockade of aquaporin 1 inhibits proliferation, motility, and metastatic potential of mesothelioma in vitro but not in an in vivo model. Dis. Markers 2015:286719. doi: 10.1155/2015/286719

 Koeller, J. M., Aapro, M. S., Gralla, R. J., Grunberg, S. M., Hesketh, P. J., Kris, M. G., et al. (2002). Antiemetic guidelines: creating a more practical treatment approach. Support. Care Cancer 10, 519–522. doi: 10.1007/s00520-001-0335-y

 Kong, D., Li, Y., Wang, Z., Banerjee, S., Ahmad, A., Kim, H. R. C., et al. (2009). miR-200 Regulates PDGF-D-mediated epithelial–mesenchymal transition, adhesion, and invasion of prostate cancer cells. Stem Cells 27, 1712–1721. doi: 10.1002/stem.101

 Korpal, M., Lee, E. S., Hu, G., and Kang, Y. (2008). The miR-200 family inhibits epithelial-mesenchymal transition and cancer cell migration by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. J. Biol. Chem. 283, 14910–14914. doi: 10.1074/jbc.C800074200

 Kourghi, M., De Ieso, M. L., Nourmohammadi, S., Pei, J. V., and Yool, A. J. (2018). 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. 6:142. doi: 10.3389/fchem.2018.00142

 Kourghi, M., Pei, J. V., De Ieso, M. L., Flynn, G., and Yool, A. J. (2015). Bumetanide derivatives AqB007 and AqB011 selectively block the Aquaporin-1 ion channel conductance and slow cancer cell migration. Mol. Pharmacol. 115:101618. doi: 10.1124/mol.115.101618

 Kuriyama, H., Shimomura, I., Kishida, K., Kondo, H., Furuyama, N., Nishizawa, H., et al. (2002). Coordinated regulation of fat-specific and liver-specific glycerol channels, aquaporin adipose and aquaporin 9. Diabetes 51, 2915–2921. doi: 10.2337/diabetes.51.10.2915

 Kusayama, M., Wada, K., Nagata, M., Ishimoto, S., Takahashi, H., Yoneda, M., et al. (2011). Critical role of aquaporin 3 on growth of human esophageal and oral squamous cell carcinoma. Cancer Sci. 102, 1128–1136. doi: 10.1111/j.1349-7006.2011.01927.x

 Lee, T.-C., Ho, I.-C., Lu, W.-J., and Huang, J.-D. (2006). Enhanced expression of multidrug resistance-associated protein 2 and reduced expression of aquaglyceroporin 3 in an arsenic-resistant human cell line. J. Biol. Chem. 281, 18401–18407. doi: 10.1074/jbc.M601266200

 Leung, J., Pang, A., Yuen, W.-H., Kwong, Y.-L., and Tse, E. W. C. (2007). Relationship of expression of aquaglyceroporin 9 with arsenic uptake and sensitivity in leukemia cells. Blood 109, 740–746. doi: 10.1182/blood-2006-04-019588

 Li, A., Lu, D., Zhang, Y., Li, J., Fang, Y., Li, F., et al. (2013). Critical role of aquaporin-3 in epidermal growth factor-induced migration of colorectal carcinoma cells and its clinical significance. Oncol. Rep. 29, 535–540. doi: 10.3892/or.2012.2144

 Li, C., and Wang, W. (2017). Molecular biology of aquaporins. Adv. Exp. Med. Biol. 969, 1–34. doi: 10.1007/978-94-024-1057-0_1

 Li, C.-F., Zhang, W.-G., Liu, M., Qiu, L.-W., Chen, X.-F., Lv, L., et al. (2016). Aquaporin 9 inhibits hepatocellular carcinoma through up-regulating FOXO1 expression. Oncotarget 7, 44161–44170. doi: 10.18632/oncotarget.10143

 Li, J., Wang, Z., Chong, T., Chen, H., Li, H., Li, G., et al. (2014). Over-expression of a poor prognostic marker in prostate cancer: AQP5 promotes cells growth and local invasion. World J. Surg. Oncol. 12:284. doi: 10.1186/1477-7819-12-284

 Li, Y. B., Sun, S. R., and Han, X. H. (2016). Down-regulation of AQP4 inhibits proliferation, migration and invasion of human breast cancer cells. Folia Biol. 62, 131–137.

 Liu, W., Wang, K., Gong, K., Li, X., and Luo, K. (2012). Epidermal growth factor enhances MPC-83 pancreatic cancer cell migration through the upregulation of aquaporin 3. Mol. Med. Rep. 6, 607–610. doi: 10.3892/mmr.2012.966

 Liu, Y. L., Matsuzaki, T., Nakazawa, T., Murata, S., Nakamura, N., Kondo, T., et al. (2007). Expression of aquaporin 3 (AQP3) in normal and neoplastic lung tissues. Hum. Pathol. 38, 171–178. doi: 10.1016/j.humpath.2006.07.015

 Liu, Z., Shen, J., Carbrey, J. M., Mukhopadhyay, R., Agre, P., and Rosen, B. P. (2002). Arsenite transport by mammalian aquaglyceroporins AQP7 and AQP9. Proc. Natl. Acad. Sci. U.S.A. 99, 6053–6058. doi: 10.1073/pnas.092131899

 Lo, H.-W., Hsu, S.-C., Xia, W., Cao, X., Shih, J.-Y., Wei, Y., et al. (2007). Epidermal growth factor receptor cooperates with signal transducer and activator of transcription 3 to induce epithelial-mesenchymal transition in cancer cells via up-regulation of TWIST gene expression. Cancer Res. 67, 9066–9076. doi: 10.1158/0008-5472.CAN-07-0575

 Loitto, V. M., Huang, C., Sigal, Y. J., and Jacobson, K. (2007). Filopodia are induced by aquaporin-9 expression. Exp. Cell Res. 313, 1295–1306. doi: 10.1016/j.yexcr.2007.01.023

 Loitto, V.-M., Forslund, T., Sundqvist, T., Magnusson, K.-E., and Gustafsson, M. (2002). Neutrophil leukocyte motility requires directed water influx. J. Leukoc. Biol. 71, 212–222. doi: 10.1189/jlb.71.2.212

 Ma, B., Xiang, Y., Mu, S.-M., Li, T., Yu, H.-M., and Li, X.-J. (2004a). Effects of acetazolamide and anordiol on osmotic water permeability in AQP1-cRNA injected Xenopus oocyte. Acta pharmacol. Sin. 25, 90–97.

 Ma, B., Xiang, Y., Li, T., Yu, H.-M., and Li, X.-J. (2004b). Inhibitory effect of topiramate on Lewis lung carcinoma metastasis and its relation with AQP1 water channel. Acta pharmacol. Sin. 25, 54–60.

 Ma, T., Hara, M., Sougrat, R., Verbavatz, J.-M., and Verkman, A. (2002). Impaired stratum corneum hydration in mice lacking epidermal water channel aquaporin-3. J. Biol. Chem. 277, 17147–17153. doi: 10.1074/jbc.M200925200

 Ma, T., Song, Y., Gillespie, A., Carlson, E. J., Epstein, C. J., and Verkman, A. (1999). Defective secretion of saliva in transgenic mice lacking aquaporin-5 water channels. J. Biol. Chem. 274, 20071–20074. doi: 10.1074/jbc.274.29.20071

 Ma, T., Song, Y., Yang, B., Gillespie, A., Carlson, E. J., Epstein, C. J., et al. (2000). Nephrogenic diabetes insipidus in mice lacking aquaporin-3 water channels. Proc. Natl. Acad. Sci. U.S.A. 97, 4386–4391. doi: 10.1073/pnas.080499597

 Ma, T., Yang, B., and Verkman, A. (1997a). Cloning of a novel water and urea-permeable aquaporin from mouse expressed strongly in colon, placenta, liver, and heart. Biochem. Biophys. Res. Commun. 240, 324–328. doi: 10.1006/bbrc.1997.7664

 Ma, T., Yang, B., Gillespie, A., Carlson, E. J., Epstein, C. J., and Verkman, A. (1997b). Generation and phenotype of a transgenic knockout mouse lacking the mercurial-insensitive water channel aquaporin-4. J. Clin. Invest. 100:957. doi: 10.1172/JCI231

 Ma, T., Yang, B., Gillespie, A., Carlson, E. J., Epstein, C. J., and Verkman, A. S. (1998). Severely impaired urinary concentrating ability in transgenic mice lacking aquaporin-1 water channels. J. Biol. Chem. 273, 4296–4299. doi: 10.1074/jbc.273.8.4296

 Ma, T., Yang, B., Kuo, W.-L., and Verkman, A. S. (1996). cDNA cloning and gene structure of a novel water channel expressed exclusively in human kidney: evidence for a gene cluster of aquaporins at chromosome locus 12q13. Genomics 35, 543–550. doi: 10.1006/geno.1996.0396

 Machesky, L. M. (2008). Lamellipodia and filopodia in metastasis and invasion. FEBS Lett. 582, 2102–2111. doi: 10.1016/j.febslet.2008.03.039

 Madeira, A., Fernández-Veledo, S., Camps, M., Zorzano, A., Moura, T. F., Ceperuelo-Mallafré, V., et al. (2014). Human aquaporin-11 is a water and glycerol channel and localizes in the vicinity of lipid droplets in human adipocytes. Obesity 22, 2010–2017. doi: 10.1002/oby.20792

 Maeda, N., Hibuse, T., and Funahashi, T. (2009). Role of aquaporin-7 and aquaporin-9 in glycerol metabolism; involvement in obesity. Handb. Exp. Pharmacol. 2009, 233–249. doi: 10.1007/978-3-540-79885-9_12

 Manley, G. T., Fujimura, M., Ma, T., Noshita, N., Filiz, F., Bollen, A. W., et al. (2000). Aquaporin-4 deletion in mice reduces brain edema after acute water intoxication and ischemic stroke. Nat. Med. 6, 159–163. doi: 10.1038/72256

 Martin, K. H., Slack, J. K., Boerner, S. A., Martin, C. C., and Parsons, J. T. (2002). Integrin connections map: to infinity and beyond. Science 296, 1652–1653. doi: 10.1126/science.296.5573.1652

 Martins, A. P., Ciancetta, A., de Almeida, A., Marrone, A., Re, N., Soveral, G., et al. (2013). Aquaporin inhibition by gold (III) compounds: new insights. ChemMedChem 8, 1086–1092. doi: 10.1002/cmdc.201300107

 Martins, A. P., Marrone, A., Ciancetta, A., Cobo, A. G., Echevarría, M., Moura, T. F., et al. (2012). Targeting aquaporin function: potent inhibition of aquaglyceroporin-3 by a gold-based compound. PLoS ONE 7:e37435. doi: 10.1371/journal.pone.0037435

 Mattila, P. K., and Lappalainen, P. (2008). Filopodia: molecular architecture and cellular functions. Nat. Rev. Mol. Cell Biol. 9, 446–454. doi: 10.1038/nrm2406

 McCoy, E. S., Haas, B. R., and Sontheimer, H. (2010). Water permeability through aquaporin-4 is regulated by protein kinase C and becomes rate-limiting for glioma invasion. Neuroscience 168, 971–981. doi: 10.1016/j.neuroscience.2009.09.020

 McCoy, E., and Sontheimer, H. (2007). Expression and function of water channels (aquaporins) in migrating malignant astrocytes. Glia 55, 1034–1043. doi: 10.1002/glia.20524

 Mcferrin, M. B., and Sontheimer, H. (2006). A role for ion channels in glioma cell invasion. Neuron Glia Biol. 2, 39–49. doi: 10.1017/S1740925X06000044

 McLean, G. W., Carragher, N. O., Avizienyte, E., Evans, J., Brunton, V. G., and Frame, M. C. (2005). The role of focal-adhesion kinase in cancer—a new therapeutic opportunity. Nat. Rev. Cancer 5:505. doi: 10.1038/nrc1647

 Medici, D., Hay, E. D., and Olsen, B. R. (2008). Snail and Slug promote epithelial-mesenchymal transition through β-catenin–T-cell factor-4-dependent expression of transforming growth factor-β3. Mol. Biol. Cell 19, 4875–4887. doi: 10.1091/mbc.E08-05-0506

 Meng, F., Rui, Y., Xu, L., Wan, C., Jiang, X., and Li, G. (2014). Aqp1 enhances migration of bone marrow mesenchymal stem cells through regulation of FAK and beta-catenin. Stem Cells Dev. 23, 66–75. doi: 10.1089/scd.2013.0185

 Miettinen, P. J., Ebner, R., Lopez, A. R., and Derynck, R. (1994). TGF-beta induced transdifferentiation of mammary epithelial cells to mesenchymal cells: involvement of type I receptors. J. Cell Biol. 127, 2021–2036. doi: 10.1083/jcb.127.6.2021

 Migliati, E., Meurice, N., DuBois, P., Fang, J. S., Somasekharan, S., Beckett, E., et al. (2009). 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. 76, 105–112. doi: 10.1124/mol.108.053744

 Miller, E. W., Dickinson, B. C., and Chang, C. J. (2010). Aquaporin-3 mediates hydrogen peroxide uptake to regulate downstream intracellular signaling. Proc. Natl. Acad. Sci. U.S.A. 107, 15681–15686. doi: 10.1073/pnas.1005776107

 Miller, K. D., Siegel, R. L., Lin, C. C., Mariotto, A. B., Kramer, J. L., Rowland, J. H., et al. (2016). Cancer treatment and survivorship statistics, 2016. CA. Cancer J. Clin. 66, 271–289. doi: 10.3322/caac.21349

 Mobasheri, A., and Barrett-Jolley, R. (2014). Aquaporin water channels in the mammary gland: from physiology to pathophysiology and neoplasia. J. Mamm. Gland Biol. Neoplasia 19, 91–102. doi: 10.1007/s10911-013-9312-6

 Monsuez, J.-J., Charniot, J.-C., Vignat, N., and Artigou, J.-Y. (2010). Cardiac side-effects of cancer chemotherapy. Int. J. Cardiol. 144, 3–15. doi: 10.1016/j.ijcard.2010.03.003

 Monzani, E., Bazzotti, R., Perego, C., and La Porta, C. A. (2009). AQP1 is not only a water channel: it contributes to cell migration through Lin7/beta-catenin. PLoS ONE 4:e6167. doi: 10.1371/journal.pone.0006167

 Moon, C., Soria, J.-C., Jang, S. J., Lee, J., Hoque, M., Sibony, M., et al. (2003). Involvement of aquaporins in colorectal carcinogenesis. Oncogene 22, 6699–6703. doi: 10.1038/sj.onc.1206762

 Mott, J. D., and Werb, Z. (2004). Regulation of matrix biology by matrix metalloproteinases. Curr. Opin. Cell Biol. 16, 558–564. doi: 10.1016/j.ceb.2004.07.010

 Musa-Aziz, R., Chen, L.-M., Pelletier, M. F., and Boron, W. F. (2009). Relative CO2/NH3 selectivities of AQP1, AQP4, AQP5, AmtB, and RhAG. Proc. Natl. Acad. Sci. U.S.A. 106, 5406–5411. doi: 10.1073/pnas.0813231106

 Nagase, H., and Woessner, J. F. (1999). Matrix metalloproteinases. J. Biol. Chem. 274, 21491–21494. doi: 10.1074/jbc.274.31.21491

 Nakhoul, N. L., Davis, B. A., Romero, M. F., and Boron, W. F. (1998). Effect of expressing the water channel aquaporin-1 on the CO2 permeability of Xenopus oocytes. Am. J. Physiol. Cell Physiol. 274, C543–C548. doi: 10.1152/ajpcell.1998.274.2.C543

 Nakhoul, N. L., Hering-Smith, K. S., Abdulnour-Nakhoul, S. M., and Hamm, L. L. (2001). Transport of NH3/NH 4+ in oocytes expressing aquaporin-1. Am. J. Physiol. Renal Physiol. 281, F255–F263. doi: 10.1152/ajprenal.2001.281.2.F255

 Neely, J. D., Amiry-Moghaddam, M., Ottersen, O. P., Froehner, S. C., Agre, P., and Adams, M. E. (2001). Syntrophin-dependent expression and localization of Aquaporin-4 water channel protein. Proc. Natl. Acad. Sci. U.S.A. 98, 14108–14113. doi: 10.1073/pnas.241508198

 Netzel-Arnett, S., Hooper, J. D., Szabo, R., Madison, E. L., Quigley, J. P., Bugge, T. H., et al. (2003). Membrane anchored serine proteases: a rapidly expanding group of cell surface proteolytic enzymes with potential roles in cancer. Cancer Metastasis Rev. 22, 237–258. doi: 10.1023/A:1023003616848

 Ng, W. H., Hy, J. W., Tan, W. L., Liew, D., Lim, T., Ang, B. T., et al. (2009). Aquaporin-4 expression is increased in edematous meningiomas. J. Clin. Neurosci. 16, 441–443. doi: 10.1016/j.jocn.2008.04.028

 Nicchia, G. P., Srinivas, M., Li, W., Brosnan, C. F., Frigeri, A., and Spray, D. C. (2005). New possible roles for aquaporin-4 in astrocytes: cell cytoskeleton and functional relationship with connexin43. FASEB J. 19, 1674–1676. doi: 10.1096/fj.04-3281fje

 Nielsen, S., Chou, C.-L., Marples, D., Christensen, E. I., Kishore, B. K., and Knepper, M. A. (1995). Vasopressin increases water permeability of kidney collecting duct by inducing translocation of aquaporin-CD water channels to plasma membrane. Proc. Natl. Acad. Sci. U.S.A. 92, 1013–1017. doi: 10.1073/pnas.92.4.1013

 Nielsen, S., Smith, B. L., Christensen, E. I., and Agre, P. (1993). Distribution of the aquaporin CHIP in secretory and resorptive epithelia and capillary endothelia. Proc. Natl. Acad. Sci. U.S.A. 90, 7275–7279. doi: 10.1073/pnas.90.15.7275

 Niemietz, C. M., and Tyerman, S. D. (2002). New potent inhibitors of aquaporins: silver and gold compounds inhibit aquaporins of plant and human origin. FEBS Lett. 531, 443–447. doi: 10.1016/S0014-5793(02)03581-0

 Nishida, N., Yano, H., Nishida, T., Kamura, T., and Kojiro, M. (2006). Angiogenesis in cancer. Vasc. Health Risk Manag. 2, 213–219. doi: 10.2147/vhrm.2006.2.3.213

 Njauw, C.-N., Yuan, H., Zheng, L., Yao, M., and Martins-Green, M. (2008). Origin of periendothelial cells in microvessels derived from human microvascular endothelial cells. Int. J. Biochem. Cell Biol. 40, 710–720. doi: 10.1016/j.biocel.2007.10.012

 Oshio, K., Watanabe, H., Song, Y., Verkman, A., and Manley, G. T. (2005). Reduced cerebrospinal fluid production and intracranial pressure in mice lacking choroid plexus water channel Aquaporin-1. FASEB J. 19, 76–78. doi: 10.1096/fj.04-1711fje

 Pagan, R., Sánchez, A., Martin, I., Llobera, M., Fabregat, I., and Vilaró, S. (1999). Effects of growth and differentiation factors on the epithelial-mesenchymal transition in cultured neonatal rat hepatocytes. J. Hepatol. 31, 895–904. doi: 10.1016/S0168-8278(99)80292-X

 Palecek, S. P., Huttenlocher, A., Horwitz, A. F., and Lauffenburger, D. A. (1998). Physical and biochemical regulation of integrin release during rear detachment of migrating cells. J. Cell Sci. 111, 929–940.

 Pan, H., Sun, C. C., Zhou, C. Y., and Huang, H. F. (2008). Expression of aquaporin - 1 in normal, hyperplasic, and carcinomatous endometria. Int. J. Gynecol. Obstet. 101, 239–244. doi: 10.1016/j.ijgo.2007.12.006

 Pan, X. Y., Guo, H., Han, J., Hao, F., An, Y., Xu, Y., et al. (2012). Ginsenoside Rg3 attenuates cell migration via inhibition of aquaporin 1 expression in PC-3M prostate cancer cells. Eur. J. Pharmacol. 683, 27–34. doi: 10.1016/j.ejphar.2012.02.040

 Papadopoulos, M. C., Saadoun, S., and Verkman, A. S. (2008). Aquaporins and cell migration. Pflug Arch. Eur. J. Phys. 456, 693–700. doi: 10.1007/s00424-007-0357-5

 Pei, J. V., Kourghi, M., De Ieso, M. L., Campbell, E. M., Dorward, H. S., Hardingham, J. E., et al. (2016). 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. 90, 496–507. doi: 10.1124/mol.116.105882

 Pelagalli, A., Nardelli, A., Fontanella, R., and Zannetti, A. (2016). Inhibition of AQP1 hampers osteosarcoma and hepatocellular carcinoma progression mediated by bone marrow-derived mesenchymal stem cells. Int. J. Mol. Sci. 17, 1102. doi: 10.3390/ijms17071102

 Pepper, M. S., Tille, J.-C., Nisato, R., and Skobe, M. (2003). Lymphangiogenesis and tumor metastasis. Cell Tissue Res. 314, 167–177. doi: 10.1007/s00441-003-0748-7

 Pierini, L. M., Lawson, M. A., Eddy, R. J., Hendey, B., and Maxfield, F. R. (2000). Oriented endocytic recycling of α5β1 in motile neutrophils. Blood 95, 2471–2480.

 Pollard, T. D., and Borisy, G. G. (2003). Cellular motility driven by assembly and disassembly of actin filaments. Cell 112, 453–465. doi: 10.1016/S0092-8674(03)00120-X

 Preston, G. M., and Agre, P. (1991). Isolation of the cDNA for erythrocyte integral membrane protein of 28 kilodaltons: member of an ancient channel family. Proc. Natl. Acad. Sci. U.S.A. 88, 11110–11114. doi: 10.1073/pnas.88.24.11110

 Preston, G. M., Carroll, T. P., Guggino, W. B., and Agre, P. (1992). Appearance of water channels in Xenopus oocytes expressing red cell CHIP28 protein. Science 256, 385–387. doi: 10.1126/science.256.5055.385

 Preston, G. M., Jung, J. S., Guggino, W. B., and Agre, P. (1993). The mercury-sensitive residue at cysteine 189 in the CHIP28 water channel. J. Biol. Chem. 268, 17–20.

 Price, L. S., Leng, J., Schwartz, M. A., and Bokoch, G. M. (1998). Activation of Rac and Cdc42 by integrins mediates cell spreading. Mol. Biol. Cell 9, 1863–1871. doi: 10.1091/mbc.9.7.1863

 Raina, S., Preston, G. M., Guggino, W. B., and Agre, P. (1995). Molecular cloning and characterization of an aquaporin cDNA from salivary, lacrimal, and respiratory tissues. J. Biol. Chem. 270, 1908–1912. doi: 10.1074/jbc.270.4.1908

 Rhee, S. G. (2006). H2O2, a necessary evil for cell signaling. Science 312, 1882–1883. doi: 10.1126/science.1130481

 Ridley, A. J., Paterson, H. F., Johnston, C. L., Diekmann, D., and Hall, A. (1992). The small GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell 70, 401–410. doi: 10.1016/0092-8674(92)90164-8

 Ridley, A. J., Schwartz, M. A., Burridge, K., Firtel, R. A., Ginsberg, M. H., Borisy, G., et al. (2003). Cell migration: integrating signals from front to back. Science 302, 1704–1709. doi: 10.1126/science.1092053

 Rivera, E., and Cianfrocca, M. (2015). Overview of neuropathy associated with taxanes for the treatment of metastatic breast cancer. Cancer Chemother. Pharmacol. 75, 659–670. doi: 10.1007/s00280-014-2607-5

 Rodrigues, C., Mósca, A. F., Martins, A. P., Nobre, T., Prista, C., Antunes, F., et al. (2016). Rat Aquaporin-5 is pH-Gated induced by phosphorylation and is implicated in oxidative stress. Int. J. Mol. Sci. 17:2090. doi: 10.3390/ijms17122090

 Rojek, A. M., Skowronski, M. T., Füchtbauer, E.-M., Füchtbauer, A. C., Fenton, R. A., Agre, P., et al. (2007). Defective glycerol metabolism in aquaporin 9 (AQP9) knockout mice. Proc. Natl. Acad. Sci. U.S.A. 104, 3609–3614. doi: 10.1073/pnas.0610894104

 Rojek, A., Füchtbauer, E.-M., Kwon, T.-H., Frøkiaer, J., and Nielsen, S. (2006). Severe urinary concentrating defect in renal collecting duct-selective AQP2 conditional-knockout mice. Proc. Natl. Acad. Sci. U.S.A. 103, 6037–6042. doi: 10.1073/pnas.0511324103

 Rojek, A., Praetorius, J., Frøkiaer, J., Nielsen, S., and Fenton, R. A. (2008). A current view of the mammalian aquaglyceroporins. Annu. Rev. Physiol. 70, 301–327. doi: 10.1146/annurev.physiol.70.113006.100452

 Roussos, E. T., Condeelis, J. S., and Patsialou, A. (2011). Chemotaxis in cancer. Nat. Rev. Cancer 11:573. doi: 10.1038/nrc3078

 Saadoun, S., Papadopoulos, M. C., Hara-Chikuma, M., and Verkman, A. (2005a). Impairment of angiogenesis and cell migration by targeted aquaporin-1 gene disruption. Nature 434:786. doi: 10.1038/nature03460

 Saadoun, S., Papadopoulos, M. C., Watanabe, H., Yan, D., Manley, G. T., and Verkman, A. (2005b). Involvement of aquaporin-4 in astroglial cell migration and glial scar formation. J. Cell Sci. 118, 5691–5698. doi: 10.1242/jcs.02680

 Saadoun, S., Papadopoulos, M. C., Davies, D. C., Bell, B., and Krishna, S. (2002a). Increased aquaporin 1 water channel expression inhuman brain tumours. Br. J. Cancer 87, 621–623. doi: 10.1038/sj.bjc.6600512

 Saadoun, S., Papadopoulos, M. C., Davies, D. C., Krishna, S., and Bell, B. A. (2002b). Aquaporin-4 expression is increased in oedematous human brain tumours. J. Neurol. Neurosurg. Psychiatr. 72, 262–265. doi: 10.1136/jnnp.72.2.262

 Saparov, S. M., Kozono, D., Rothe, U., Agre, P., and Pohl, P. (2001). Water and ion permeation of aquaporin-1 in planar lipid bilayers. Major differences in structural determinants and stoichiometry. J. Biol. Chem. 276, 31515–31520. doi: 10.1074/jbc.M104267200

 Saparov, S. M., Liu, K., Agre, P., and Pohl, P. (2007). Fast and selective ammonia transport by aquaporin-8. J. Biol. Chem. 282, 5296–5301. doi: 10.1074/jbc.M609343200

 Satooka, H., and Hara-Chikuma, M. (2016). Aquaporin-3 controls breast cancer cell migration by regulating hydrogen peroxide transport and its downstream cell signaling. Mol. Cell. Biol. 36, 1206–1218. doi: 10.1128/MCB.00971-15

 Schaller, M. D., Borgman, C. A., Cobb, B. S., Vines, R. R., Reynolds, A. B., and Parsons, J. T. (1992). pp125FAK a structurally distinctive protein-tyrosine kinase associated with focal adhesions. Proc. Natl. Acad. Sci. U.S.A. 89, 5192–5196. doi: 10.1073/pnas.89.11.5192

 Schnermann, J., Chou, C.-L., Ma, T., Traynor, T., Knepper, M. A., and Verkman, A. S. (1998). Defective proximal tubular fluid reabsorption in transgenic aquaporin-1 null mice. Proc. Natl. Acad. Sci. U.S.A. 95, 9660–9664. doi: 10.1073/pnas.95.16.9660

 Schwab, A., Nechyporuk-Zloy, V., Fabian, A., and Stock, C. (2007). Cells move when ions and water flow. Pflug. Arch. Eur. J. Phys. 453, 421–432. doi: 10.1007/s00424-006-0138-6

 Seeliger, D., Zapater, C., Krenc, D., Haddoub, R., Flitsch, S., Beitz, E., et al. (2012). Discovery of novel human aquaporin-1 blockers. ACS Chem. Biol. 8, 249–256. doi: 10.1021/cb300153z

 Sekine, S., Okumura, T., Nagata, T., Shibuya, K., Yoshioka, I., Matsui, K., et al. (2016). Expression analysis of aquaporin-1 (Aqp-1) in human biliary tract carcinoma. J. Cancer Ther. 7:17. doi: 10.4236/jct.2016.71003

 Serna, A., Galán-Cobo, A., Rodrigues, C., Sánchez-Gomar, I., Toledo-Aral, J. J., Moura, T. F., et al. (2014). Functional inhibition of Aquaporin-3 with a gold-based compound induces blockage of cell proliferation. J. Cell. Physiol. 229, 1787–1801. doi: 10.1002/jcp.24632

 Shen, L., Zhu, Z., Huang, Y., Shu, Y., Sun, M., Xu, H., et al. (2010). Expression profile of multiple aquaporins in human gastric carcinoma and its clinical significance. Biomed. Pharmacother. 64, 313–318. doi: 10.1016/j.biopha.2009.12.003

 Shi, Y.-H., Chen, R., Talafu, T., Nijiati, R., and Lalai, S. (2012). Significance and expression of aquaporin 1, 3, 8 in cervical carcinoma in Xinjiang Uygur women of China. Asian Pac. J. Cancer Prev. 13, 1971–1975. doi: 10.7314/APJCP.2012.13.5.1971

 Shi, Y.-H., Rehemu, N., Ma, H., Tuokan, T., Chen, R., and Suzuke, L. (2013). Increased migration and local invasion potential of SiHa cervical cancer cells expressing Aquaporin 8. Asian Pac. J. Cancer Prev. 14, 1825–1828. doi: 10.7314/APJCP.2013.14.3.1825

 Shi, Y.-H., Tuokan, T., Lin, C., and Chang, H. (2014). Aquaporin 8 involvement in human cervical cancer SiHa migration via the EGFR-Erk1/2 pathway. Asian Pac. J. Cancer Prev. 15, 6391–6395. doi: 10.7314/APJCP.2014.15.15.6391

 Søgaard, R., and Zeuthen, T. (2008). Test of blockers of AQP1 water permeability by a high-resolution method: no effects of tetraethylammonium ions or acetazolamide. Pflüg. Arch. Eur. J. Physiol. 456, 285–292. doi: 10.1007/s00424-007-0392-2

 Song, Y., and Verkman, A. (2001). Aquaporin-5 dependent fluid secretion in airway submucosal glands. J. Biol. Chem. 276, 41288–41292. doi: 10.1074/jbc.M107257200

 Spano, D., Heck, C., De Antonellis, P., Christofori, G., and Zollo, M. (2012). Molecular networks that regulate cancer metastasis. Semin. Cancer Biol. 22, 234–249. doi: 10.1016/j.semcancer.2012.03.006

 Stroka, K. M., Jiang, H., Chen, S.-H., Tong, Z., Wirtz, D., Sun, S. X., et al. (2014). Water permeation drives tumor cell migration in confined microenvironments. Cell 157, 611–623. doi: 10.1016/j.cell.2014.02.052

 Sudo, K., Ito, H., Iwamoto, I., Morishita, R., Asano, T., and Nagata, K.-i (2006). Identification of a cell polarity-related protein, Lin-7B, as a binding partner for a Rho effector, Rhotekin, and their possible interaction in neurons. Neurosci. Res. 56, 347–355. doi: 10.1016/j.neures.2006.08.003

 Sui, H., Han, B.-G., Lee, J. K., Walian, P., and Jap, B. K. (2001). Structural basis of water-specific transport through the AQP1 water channel. Nature 414, 872–878. doi: 10.1038/414872a

 Suzuki, R., Okuda, M., Asai, J., Nagashima, G., Itokawa, H., Matsunaga, A., et al. (2006). Astrocytes co-express aquaporin-1,-4, and vascular endothelial growth factor in brain edema tissue associated with brain contusion. Acta Neurochir. Suppl. 96, 398–401. doi: 10.1007/3-211-30714-1_82

 Swaney, K. F., Huang, C.-H., and Devreotes, P. N. (2010). Eukaryotic chemotaxis: a network of signaling pathways controls motility, directional sensing, and polarity. Annu. Rev. Biophys. 39:265. doi: 10.1146/annurev.biophys.093008.131228

 Tan, D. S., Agarwal, R., and Kaye, S. B. (2006). Mechanisms of transcoelomic metastasis in ovarian cancer. Lancet Oncol. 7, 925–934. doi: 10.1016/S1470-2045(06)70939-1

 Tan, G., Sun, S. Q., and Yuan, D. L. (2008). Expression of the water channel protein aquaporin-9 in human astrocytic tumours: correlation with pathological grade. J. Int. Med. Res. 36, 777–782. doi: 10.1177/147323000803600420

 Tanaka, A., Sakurai, K., Kaneko, K., Ogino, J., Yagui, K., Ishikawa, K., et al. (2011). The role of the hypoxia-inducible factor 1 binding site in the induction of aquaporin-1 mRNA expression by hypoxia. DNA Cell Biol. 30, 539–544. doi: 10.1089/dna.2009.1014

 Tanimura, Y., Hiroaki, Y., and Fujiyoshi, Y. (2009). Acetazolamide reversibly inhibits water conduction by aquaporin-4. J. Struct. Biol. 166, 16–21. doi: 10.1016/j.jsb.2008.11.010

 Thannickal, V. J., and Fanburg, B. L. (2000). Reactive oxygen species in cell signaling. Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L1005–L1028. doi: 10.1152/ajplung.2000.279.6.L1005

 Theriot, J. A., and Mitchison, T. J. (1991). Actin microfilament dynamics in locomoting cells. Nature 352, 126–131. doi: 10.1038/352126a0

 Thiery, J. P. (2002). Epithelial–mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2, 442–454. doi: 10.1038/nrc822

 Thiery, J. P. (2003). Epithelial–mesenchymal transitions in development and pathologies. Curr. Opin. Cell Biol. 15, 740–746. doi: 10.1016/j.ceb.2003.10.006

 Tie, L., Lu, N., Pan, X.-Y., Pan, Y., An, Y., Gao, J.-W., et al. (2012). Hypoxia-induced up-regulation of aquaporin-1 protein in prostate cancer cells in a p38-dependent manner. Cell. Physiol. Biochem. 29, 269–280. doi: 10.1159/000337608

 Tsukaguchi, H., Shayakul, C., Berger, U. V., Mackenzie, B., Devidas, S., Guggino, W. B., et al. (1998). Molecular characterization of a broad selectivity neutral solute channel. J. Biol. Chem. 273, 24737–24743. doi: 10.1074/jbc.273.38.24737

 Tsunoda, S. P., Wiesner, B., Lorenz, D., Rosenthal, W., and Pohl, P. (2004). Aquaporin-1, nothing but a water channel. J. Biol. Chem. 279, 11364–11367. doi: 10.1074/jbc.M310881200

 Vacca, A., Frigeri, A., Ribatti, D., Nicchia, G. P., Nico, B., Ria, R., et al. (2001). Microvessel overexpression of aquaporin 1 parallels bone marrow angiogenesis in patients with active multiple myeloma. Br. J. Haematol. 113, 415–421. doi: 10.1046/j.1365-2141.2001.02738.x

 van Zijl, F., Krupitza, G., and Mikulits, W. (2011). Initial steps of metastasis: cell invasion and endothelial transmigration. Mutat.Res. 728, 23–34. doi: 10.1016/j.mrrev.2011.05.002

 Verkman, A. (2005). More than just water channels: unexpected cellular roles of aquaporins. J. Cell Sci. 118, 3225–3232. doi: 10.1242/jcs.02519

 Verkman, A. S., Anderson, M. O., and Papadopoulos, M. C. (2014). Aquaporins: important but elusive drug targets. Nat. Rev. Drug Discov. 13, 259–277. doi: 10.1038/nrd4226

 Verkman, A. S., and Mitra, A. K. (2000). Structure and function of aquaporin water channels. Am. J. Physiol. Renal Physiol. 278, F13–F28. doi: 10.1152/ajprenal.2000.278.1.F13

 Vicent, S., López-Picazo, J. M., Toledo, G., Lozano, M. D., Torre, W., Garcia-Corchón, C., et al. (2004). ERK1/2 is activated in non-small-cell lung cancer and associated with advanced tumours. Br. J. Cancer 90:1047. doi: 10.1038/sj.bjc.6601644

 Vicente-Manzanares, M., and Horwitz, A. R. (2011). Cell migration: an overview. Methods Mol. Biol. 769, 1–24. doi: 10.1007/978-1-61779-207-6_1

 Vicente-Manzanares, M., Ma, X., Adelstein, R. S., and Horwitz, A. R. (2009). Non-muscle myosin II takes centre stage in cell adhesion and migration. Nat. Rev. Mol. Cell Biol. 10, 778–790. doi: 10.1038/nrm2786

 Vićovac, L., and Aplin, J. (1996). Epithelial-mesenchymal transition during trophoblast differentiation. Cells Tissues Organs 156, 202–216. doi: 10.1159/000147847

 Wang, W., Li, Q., Yang, T., Bai, G., Li, D., Li, Q., et al. (2012). Expression of AQP5 and AQP8 in human colorectal carcinoma and their clinical significance. World J. Surg. Oncol. 10:242. doi: 10.1186/1477-7819-10-242

 Wang, Y.-L. (1985). Exchange of actin subunits at the leading edge of living fibroblasts: possible role of treadmilling. J. Cell Biol. 101, 597–602. doi: 10.1083/jcb.101.2.597

 Wasilewski-Masker, K., Seidel, K. D., Leisenring, W., Mertens, A. C., Shnorhavorian, M., Ritenour, C. W., et al. (2014). Male infertility in long-term survivors of pediatric cancer: a report from the childhood cancer survivor study. J. Cancer Survivorship 8, 437–447. doi: 10.1007/s11764-014-0354-6

 Watanabe, S., Moniaga, C. S., Nielsen, S., and Hara-Chikuma, M. (2016). Aquaporin-9 facilitates membrane transport of hydrogen peroxide in mammalian cells. Biochem. Biophys. Res. Commun. 471, 191–197. doi: 10.1016/j.bbrc.2016.01.153

 Weaver, A. M. (2006). Invadopodia: specialized cell structures for cancer invasion. Clin. Exp. Metastasis 23, 97–105. doi: 10.1007/s10585-006-9014-1

 Wei, X., and Dong, J. (2015). Aquaporin 1 promotes the proliferation and migration of lung cancer cell in vitro. Oncol. Rep. 34, 1440–1448. doi: 10.3892/or.2015.4107

 Willemse, P., Burggraaf, J., Hamdy, N., Weijl, N., Vossen, C., Van Wulften, L., et al. (2013). Prevalence of the metabolic syndrome and cardiovascular disease risk in chemotherapy-treated testicular germ cell tumour survivors. Br. J. Cancer 109, 60–67. doi: 10.1038/bjc.2013.226

 Wolf, K., Wu, Y. I., Liu, Y., Geiger, J., Tam, E., Overall, C., et al. (2007). Multi-step pericellular proteolysis controls the transition from individual to collective cancer cell invasion. Nat. Cell Biol. 9, 893–904. doi: 10.1038/ncb1616

 Wu, B., Altmann, K., Barzel, I., Krehan, S., and Beitz, E. (2008). A yeast-based phenotypic screen for aquaporin inhibitors. Pflüg. Arch. Eur. J. Physiol. 456, 717–720. doi: 10.1007/s00424-007-0383-3

 Wyckoff, J. B., Jones, J. G., Condeelis, J. S., and Segall, J. E. (2000). A critical step in metastasis: in vivo analysis of intravasation at the primary tumor. Cancer Res. 60, 2504–2511.

 Xia, H., Ma, Y. F., Yu, C. H., Li, Y. J., Tang, J., Li, J. B., et al. (2014). Aquaporin 3 knockdown suppresses tumour growth and angiogenesis in experimental non-small cell lung cancer. Exp. Physiol. 99, 974–984. doi: 10.1113/expphysiol.2014.078527

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

 Xiang, Y., Ma, B., Li, T., Yu, H.-M., and Li, X.-J. (2002). Acetazolamide suppresses tumor metastasis and related protein expression in mice bearing Lewis lung carcinoma. Acta Pharmacol. Sin. 23, 745–751.

 Xiong, G., Chen, X., Zhang, Q., Fang, Y., Chen, W., Li, C., et al. (2017). RNA interference influenced the proliferation and invasion of XWLC-05 lung cancer cells through inhibiting aquaporin 3. Biochem. Biophys. Res. Commun. 485, 627–634. doi: 10.1016/j.bbrc.2017.02.013

 Xu, H., Xu, Y., Zhang, W., Shen, L., Yang, L., and Xu, Z. (2011). Aquaporin-3 positively regulates matrix metalloproteinases via PI3K/AKT signal pathway in human gastric carcinoma SGC7901 cells. Nat. Rev. Cancer 30:86. doi: 10.1186/1756-9966-30-86

 Xu, J., Lamouille, S., and Derynck, R. (2009). TGF-β-induced epithelial to mesenchymal transition. Cell Res. 19, 156–172. doi: 10.1038/cr.2009.5

 Yakata, K., Tani, K., and Fujiyoshi, Y. (2011). Water permeability and characterization of aquaporin-11. J. Struct. Biol. 174, 315–320. doi: 10.1016/j.jsb.2011.01.003

 Yamaguchi, H., Wyckoff, J., and Condeelis, J. (2005). Cell migration in tumors. Curr. Opin. Cell Biol. 17, 559–564. doi: 10.1016/j.ceb.2005.08.002

 Yamamoto, T., Kuramoto, H., and Kadowaki, M. (2007). Downregulation in aquaporin 4 and aquaporin 8 expression of the colon associated with the induction of allergic diarrhea in a mouse model of food allergy. Life Sci. 81, 115–120. doi: 10.1016/j.lfs.2007.04.036

 Yang, B., and Verkman, A. (1997). Water and glycerol permeabilities of aquaporins 1–5 and MIP determined quantitatively by expression of epitope-tagged constructs inXenopus oocytes. J. Biol. Chem. 272, 16140–16146. doi: 10.1074/jbc.272.26.16140

 Yang, B., Fukuda, N., van Hoek, A., Matthay, M. A., Ma, T., and Verkman, A. (2000). Carbon dioxide permeability of aquaporin-1 measured in erythrocytes and lung of aquaporin-1 null mice and in reconstituted proteoliposomes. J. Biol. Chem. 275, 2686–2692. doi: 10.1074/jbc.275.4.2686

 Yang, B., Kim, J. K., and Verkman, A. (2006). Comparative efficacy of HgCl2 with candidate aquaporin-1 inhibitors DMSO, gold, TEA+ and acetazolamide. FEBS Lett. 580, 6679–6684. doi: 10.1016/j.febslet.2006.11.025

 Yang, J., Mani, S. A., Donaher, J. L., Ramaswamy, S., Itzykson, R. A., Come, C., et al. (2004). Twist, a master regulator of morphogenesis, plays an essential role in tumor metastasis. Cell 117, 927–939. doi: 10.1016/j.cell.2004.06.006

 Yasui, M., Hazama, A., Kwon, T.-H., Nielsen, S., Guggino, W. B., and Agre, P. (1999). Rapid gating and anion permeability of an intracellular aquaporin. Nature 402, 184–187. doi: 10.1038/46045

 Yool, A. J. (2007). Functional domains of aquaporin-1: keys to physiology, and targets for drug discovery. Curr. Pharm. Des. 13, 3212–3221. doi: 10.2174/138161207782341349

 Yool, A. J., Brokl, O. H., Pannabecker, T. L., Dantzler, W. H., and Stamer, W. D. (2002). Tetraethylammonium block of water flux in Aquaporin-1 channels expressed in kidney thin limbs of Henle's loop and a kidney-derived cell line. BMC Physiol. 2:4. doi: 10.1186/1472-6793-2-4

 Yool, A. J., Stamer, W. D., and Regan, J. W. (1996). Forskolin stimulation of water and cation permeability in aquaporin-1 water channels. Science 273, 1216–1218. doi: 10.1126/science.273.5279.1216

 Yu, J., Yool, A. J., Schulten, K., and Tajkhorshid, E. (2006). Mechanism of gating and ion conductivity of a possible tetrameric pore in aquaporin-1. Structure 14, 1411–1423. doi: 10.1016/j.str.2006.07.006

 Yun, S., Sun, P.-L., Jin, Y., Kim, H., Park, E., Park, S. Y., et al. (2016). Aquaporin 1 is an independent marker of poor prognosis in lung adenocarcinoma. J. Pathol. Transl. Med. 50:251. doi: 10.4132/jptm.2016.03.30

 Zelenina, M., Bondar, A. A., Zelenin, S., and Aperia, A. (2003). Nickel and extracellular acidification inhibit the water permeability of human aquaporin-3 in lung epithelial cells. J. Biol. Chem. 278, 30037–30043. doi: 10.1074/jbc.M302206200

 Zelenina, M., Tritto, S., Bondar, A. A., Zelenin, S., and Aperia, A. (2004). Copper inhibits the water and glycerol permeability of aquaporin-3. J. Biol. Chem. 279, 51939–51943. doi: 10.1074/jbc.M407645200

 Zhang, D., Vetrivel, L., and Verkman, A. (2002). Aquaporin deletion in mice reduces intraocular pressure and aqueous fluid production. J. Gen. Physiol. 119:561–569. doi: 10.1085/jgp.20028597

 Zhang, H., and Verkman, A. (2008). Evidence against involvement of aquaporin-4 in cell–cell adhesion. J. Mol. Biol. 382, 1136–1143. doi: 10.1016/j.jmb.2008.07.089

 Zhang, H., and Verkman, A. S. (2010). Aquaporin-1 tunes pain perception by interaction with Nav1. 8 Na+ channels in dorsal root ganglion neurons. J. Biol. Chem. 285, 5896–5906. doi: 10.1074/jbc.M109.090233

 Zhang, T., Zhao, C., Chen, D., and Zhou, Z. (2012). Overexpression of AQP5 in cervical cancer: correlation with clinicopathological features and prognosis. Med. Oncol. 29, 1998–2004. doi: 10.1007/s12032-011-0095-6

 Zhang, W.-G, Li, C.-F, Liu, M., Chen, X.-F, Shuai, K., Kong, X., et al. (2016). Aquaporin 9 is down-regulated in hepatocellular carcinoma and its over-expression suppresses hepatoma cell invasion through inhibiting epithelial-to-mesenchymal transition. Cancer Lett. 378, 111–119. doi: 10.1016/j.canlet.2016.05.021

 Zhang, Z., Chen, Z., Song, Y., Zhang, P., Hu, J., and Bai, C. (2010). Expression of aquaporin 5 increases proliferation and metastasis potential of lung cancer. J. Pathol. 221, 210–220. doi: 10.1002/path.2702

 Zhao, X., and Guan, J.-L. (2011). Focal adhesion kinase and its signaling pathways in cell migration and angiogenesis. Adv. Drug Deliv. Rev. 63, 610–615. doi: 10.1016/j.addr.2010.11.001

 Zou, L.-B., Shi, S., Zhang, R.-J., Wang, T.-T., Tan, Y.-J., Zhang, D., et al. (2013). Aquaporin-1 plays a crucial role in estrogen-induced tubulogenesis of vascular endothelial cells. J. Clin. Endocrinol. Metab. 98, E672–E682. doi: 10.1210/jc.2012-4081

 Zou, L.-B., Zhang, R.-J., Tan, Y.-J., Ding, G.-L., Shi, S., Zhang, D., et al. (2011). Identification of estrogen response element in theaquaporin-2 gene that mediates estrogen-induced cell migration and invasion in human endometrial carcinoma. J. Clin. Endocrinol. Metab. 96, E1399–E1408. doi: 10.1210/jc.2011-0426

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 De Ieso and Yool. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_1.gif
HCO;





OPS/images/fchem-06-00135-t001.jpg
AQP

Permeable to:

Key physiological role(s)

Cancer(s) up-regulated

Key role(s) in cancer invasion and
‘metastasis

AQP1 e Water (Preston et al, 1992), * Water reabsorption in proximal  Glioma (Saadoun et al., 2002a; EI Upregulated in _response 1o tumor
monovalent cations (Anthony et a., tubule of the Kidney for Hindy et al., 2013), mammary tissue hypoxia. Enables recruitment of
2000), CO (Nakhoul et al, 1998), concentrating urine (Ma et al  carcinoma (Endo et l., 1999), new tumor vasculature by enhancing

H,0, (Amasalmeh et al, 2014, NO  1998; Schnermann et al, 1998)  lung adenocarcinoma (Hoque ‘endothelial cel migration
(Herrera et al, 2006), and NHg « Secretion of aqueous flic fom et al, 2006), colorectal carcinoma « Polarizes to leading and traiing edge of
(Nakhoul et al,, 2001) cifary epithelium in the eye, and  (Moon et al, 2003), migrating cel, and enhances tumor cell
cerebrospinal fluid from the hemangioblastoma (Chen et al., migration and invasion by enabling rapid
choroid plexus (Zhang et al 2006), and multiple myeloma membrane protrusion formation via cel
2002; Oshio et al, 2005) (microvessels) (Vacca tal, 2001)  volume regulation and interaction with

* Perception of thermal oytoskeletal dynamics

inflammatory pain and « Enhances  mesenchymal stem  cel
‘cokd-induced pain (Zhang and migration via FAK and B-catenin pathways

Verkman, 2010)  Might contribute to EMT
« Possible interaction with ECM-degrading

proteases

AQP2 s Water (Fushimi et ., 1993) * Water reabsorption in collecting  Endometrial carcinoma (Zou etal,  Enables “tration" for migrating cell by
duct of the kidney to 2011) contributing to theregulation and recyciing
‘concentrate urine (Rojek et al., o focal adhesion proteins (e.g., inegrin)
2006) » Necessary in estradiol-induced invasion

‘and adhesion of endometrial carcinoma
ells, through reorganization of F-actin

AQP3 o Water (Echevarria et al., 1994), « Water reabsorption in collecting  Lung cancer (Liu et al, 2007), + Upregulated by EGF, and contributes to

giycerol, urea (shibashi et al, 1994),  duct of the kidney to hepatocelular carcinoma (Guo EGF-induced EMT and cancer migration
0y (Villr et 21, 2010), arsenite concentrate urine (Va et ., etal, 2013), gastic cancer (Shen + Contributes 1o~ chemokine-dependent
(Lee et al, 2006), and NHs (Holm 2000) etal, 2010), prostate cancer ‘cancer migration via enabling HzOy influx
otal, 2005) « Skin hycration (Via et al, 2002)  (Hwang et al, 2012), oesophageal and its downstream cell signaling
« Skin wound healing and oral squamous cell carcinoma  Interacts with ECM-degrading proteases
(Hara-Chikuma and Verkman, ~ (Kusayama et al., 201 1),  Might enhance tumor cell migration and
20082) colorectal carcinoma (Vioon etal.,  invasion via regulation of cell protrusion
2009), skin squamous cell formation
carcinoma (Hara-Chikuma and
Verkman, 2008b), ovarian cancer
(i et al., 2008), pancreatic cancer
(ireito et al 2017), and breast
cancer (Vobasheri and
Barett-Jolkey, 2014)

AQP4 o Water (Hasegawa etal, 1994) « Water reabsorption in collecting ~ Glioma (Saadoun et 2002b)  Co-localizes with ion channels at leading
duct of the kidney to and meningioma (Ng etal, 2009)  and traiing edges of migrating cancer cells
concentrate urine (Va et ., « Enhances tumor cell migration and
1997b) invasion by enabling rapid membrane

« Transport of water into and out protrusion formation via_cell volume
of the brain and spinal cord via regulation and interaction with cytoskeletal
blood-brain barrier (Vanley dynamics
etal, 2000) * Might interact with ECM-degrading

« Neuroexcitation (Binder et al., proteases
2006)

+ Enables astrocyte call migration
following injury (Saadoun et al.,
2005b)

AQPS  Water (Raina et al. 1995 andHzOp  » Secretion of saliva (Ma et al., Prostate cancer (Lietal, 2014), o Promotes EMT

(Rodrigues et al. 2016) 1999) and airway mucus (Song  chronic myelogenous leukemia + Colocalizes with ion channels at leading
and Verkman, 2001) (Chae et al, 20082), colorectal and trailing edges of migrating cancer cells
carcinoma (Wang et al, 2012), * Enhances tumor cel migration and
hepatocellular carcinoma (Guo invasion by enabling rapid membrane
etal, 2013), lung cancer (Chae protrusion formation via  cell volume
et al, 2008b), cervical cancer regulation
@hang et al, 2012), pancreatic » Mightinteract with EGFR/ERK1/2
cancer (Direito et al, 2017), and signaling pathwiay
breast cancer (Jung et al., 2011)
AQPB  + Water, rea (Ma et al. 1997:), HyOp  « Canalicular bie water secreion  Cervical cancer (Shi etal. 2012, Not yetknown
(Bienert etal, 2007), and NHg (Holm ~~ (Calamita et al., 2005) 2014)
etal, 2005; Saparov et al., 2007) « Colonic water reabsorption
(Yamamoto et al, 2007)
AGP9  + Water, urea (shibashi et al, 1998), » Hepatic glycerol uptake and Glioblastoma (Fossdal et a.,  Overexpression might correspond with

giycerol (Tsukaguchi et al,, 1998),
arsenite (Liu et al, 2002), and H;0p
(Watanabe et al., 2016)

metabolism for glucose
production (Kuriyama et al.,
2002; Rojek et al., 2007;
Maeda et al,, 2009)

« Route for excretion of arsenic
by the liver (Carbrey et al,
2009) and modulates arsenic
sensithty n leukernia
(Bhattacharjee et al., 2004;
Leung etal., 2007)

2012), astrocytoma (Tan et al,
2008), prostate cancer (Chen
etal. 2016)

reduced EMT and growthin hepatocelllar
carcinoma

+ Might interact with ERK1/2 and MMP9 to
enhance prostate cancer invasion and
migration





OPS/images/fchem-06-00135-t002.jpg
Molecule name

TEA

Acetazolamide

Topiramate

AqBOO7

AqBO11

AqBO13

Bacopaside |

Curcumin

Bacopaside Il

Ginsenoside Rg3

/N [}
/\/\NH
= o
n K
X s
7
o
/\/\NH

Molecular structure
—)
H i
R s %=0
T
o N—N
o,
/ q
Oz O 0—S—NH,
W8
o><o
/\/\NH

AQP activity

* Inhibits AQP1, AQP2, and AQP4
water flux (Brooks et al, 2000; Yool
etal, 2002; Detmers et al., 2006)

* Inhibits AQP1 and AQP4 water flux
(Ma et al, 2004a; Tanimura et al
2009)

* Suppresses AQP1 expression
(ang et al., 2004)

« Suppresses AQP1 expression (Va
etal., 2004b)

« Inhibits AQP1 ion flux (Kourghi
etal., 2015)

« Inhibits AQP1 ion flux (Kourghi
etal, 2015)

« Inhibits AQP1 and AQP4 water flux
(Migliati et al., 2009)

« Inhibits AQP1 water flux (Pei et al.
2016)

« Inhibits EGF-induced AQP3
upregulation (/i et al., 2008)

« Inhibits AQP1 water flux (Pei et al.,
2016)

+ Suppresses AQP1 expression (Pan
etal, 2012)

Effect

« Inhibits osteosarcoma
‘and hepatocelular
carcinoma cell migration
and invasion (in vitro)
(Pelagalli et al., 2016)

« Inhibits angiogenesis and
metastasis in Lewis lung
carcinoma (in vivo) (<ang
etal, 2002, 2004)

« Suppresses tumor growth
in colon cancer (in vivo)
(Bin and Shi-Peng, 2011)

« Suppresses Lewis lung
carcinoma growth and
metastasis (in vivo) (Ma
etal, 2004b)

« Inhibits colon cancer cell
migration (i vitro)
(Kourgh et al., 2016)

« Inhibits colon cancer cell
migration (i vitro)
(Kourgh et al., 2018)

« Inhibits endothelil tube
formation and colon
‘cancer cell migration (in
vitro) (Dorward et al.,
2016)

« Inhibits colon cancer cell
migration (in vitro) (Pci
etal, 2016)

« Inhibits ovarian cancer
ell migration (in vitro) (Ji
etal, 2008)

« Inhibits colon cancer cell
migration (in vitro) (Pei
etal, 2016)

« Inhibits prostate cancer
call migration (i viro)
(Panetal., 2012)





OPS/images/fchem-06-00135-g001.gif





OPS/images/fchem-06-00135-g002.gif
A Polarization

& onparns
& envansgonery
prives
< ancpossen

& Retraction






OPS/images/cover.jpg
’ frontiers
in Chemistry

Mechanisms of
Aquaporin-Facilitated
Cancer Invasion and Metastasis









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Chemistry





