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Abstract Aquaporins, a highly conserved group of

membrane proteins, are involved in the bidirectional

transfer of water and small solutes across cell membranes

taking part in many biological functions all over the human

body. In view of the wide range of cancer malignancies in

which aquaporin-5 (AQP5) has been detected, an increas-

ing interest in its implication in carcinogenesis has

emerged. Recent publications suggest that this isoform may

enhance cancer cell proliferation, migration and survival in

a variety of malignancies, with strong evidences pointing to

AQP5 as a promising drug target and as a novel biomarker

for cancer aggressiveness with high translational potential

for therapeutics and diagnostics. This review addresses the

structural and functional features of AQP5, detailing its

tissue distribution and functions in human body, its

expression pattern in a variety of tumors, and highlighting

the underlying mechanisms involved in carcinogenesis.

Finally, the actual progress of AQP5 research, implications

in cancer biology and potential for cancer detection and

prognosis are discussed.
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Abbreviations

AQP Aquaporin

cAMP Cyclic adenosine monophosphate

CDK Cyclin-dependent kinases

CHIP28 Channel-like integral protein of 28 kDa

CML Chronic myelogenous leukemia

CRC Colorectal cancer

EGCG Epigallocatechin gallate

EGFR Epidermal growth factor receptor

EMT Epithelial mesenchymal transition

ERK1/2 Extracellular signal-regulated kinases 1 and 2

FAK Focal adhesion kinase

HCC Hepatocellular carcinoma

HIF-1a Hypoxia inducible factor

HER2 Epidermal growth factor receptor 2

IjBa Nuclear factor-jB inhibitor alpha

MAPK Mitogen-activated protein kinases

MIP Major intrinsic protein

MDR Multidrug resistance

NAFTA5 Nuclear factor of activated T-cells 5

NF-jB Nuclear factor-jB

NPA Asparagine–proline–alanine

NSCLC Non-small cell lung cancer

PI3K Phosphatidylinositol-3-kinase

PKA Protein kinase A

SCC Squamous cell carcinoma

Sp1 Specificity protein 1

TNM Tumor-nodes-metastasis

Aquaporins

Water homeostasis is central to the physiology of all living

cells. Channels that facilitate water permeation through cell

membranes, nowadays known as aquaporins (AQPs), were

first described in red blood cells in the late 1950s [1] and

later in renal epithelia [2]. The first recognized water
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channel, initially designated as Channel-like integral pro-

tein of 28 kDa (CHIP28) [3], was accidently isolated and

co-purified with the Rh blood group antigen from ery-

throcytes membranes by Agre and co-workers in 1987 [4].

The deduced protein sequence [5] revealed a shared

homology with the major intrinsic protein (MIP) from

bovine lens cells suggesting that this protein belongs to the

MIP family of transmembrane channel proteins [3]. Further

experiments with CHIP28 inserted in liposomes [6] and

heterologously expressed in Xenopus oocytes [7], revealed

its water channel activity and finally unveiled the protein

entity predicted 30 years before. In 2003 Agre and co-

workers were awarded the Nobel Prize in Chemistry for the

identification and characterization of CHIP28 that was later

renamed aquaporin-1 (AQP1). Ever since the discovery of

AQP1, many other members of the MIP family have been

found, today comprising more than 1700 integral mem-

brane proteins present in virtually all-living organisms [8].

In mammals 13 AQPs were identified with specific organ,

tissue, and cellular localizations. Importantly, these pro-

teins are involved in many biological functions including

transepithelial fluid transport [9], brain edema, neuroexci-

tation [10], cell migration [11], adhesion [12], proliferation

[13, 14], differentiation [15] and metabolism [16].

The most remarkable feature of AQP channels is their

high selectivity and efficiency regarding water or glycerol

permeation. AQPs allow water/glycerol to move freely and

bidirectionally across the cell membrane in response to

osmotic and/or hydrostatic gradients, but exclude ions,

such as hydroxide or hydronium ions and protons [17], the

latter being essential to preserve the electrochemical

potential across the membrane. Apart from water and

glycerol, many other permeants such as urea [18], hydro-

gen peroxide [19], ammonia [20], nitrate [21], arsenite/

antimonite [22, 23], nitric oxide [24], silicon [25], carbon

dioxide [26] and even anions [27] may permeate specific

AQPs.

Based on their primary sequences, mammalian AQPs

are divided in three subfamilies: classical or orthodox

AQPs, aquaglyceroporins and unorthodox AQPs as illus-

trated in Fig. 1 [28]. This subdivision also reflects AQPs

permeation specificities: (1) orthodox or classical AQPs

(AQP0, 1, 2, 4, 5, 6, 8) are primarily selective to water, (2)

aquaglyceroporins (AQP3, 7, 9, 10) are permeable to water

and small neutral solutes such as glycerol, and (3)

unorthodox AQPs (AQP11, 12), also named ‘‘S-aquapor-

ins’’, ‘‘superaquaporins’’, ‘‘subcellular aquaporins’’ or ‘‘sip-

like aquaporins’’ are located intracellularly with selectivity

not clearly established [29, 30], although recent reports

revealed AQP11 ability for water [31] and glycerol [32]

permeation.

Recently, a crescent interest has been paid to AQPs and

their roles in cancer development. It is well established that

tumor growth, development, invasion and metastasis

depend on tumor microenvironment and metabolism [33]

and it is also known that AQPs play an important role in

tissue water balance in response to osmotic gradients,

essential to maintain cell function, including in malignant

cells [34, 35]. AQPs may also facilitate tumor growth, local

infiltration and metastasis by enhancing cell migration and

angiogenesis towards a chemotactic stimulus. The exact

mechanism is not clear yet, but may involve rapid changes

in cell shape and volume induced by AQPs polarization at

the front edge of migrating cells, facilitating transmem-

brane water fluxes driven by changes in osmolality

(produced by transmembrane ion fluxes) that promote

lamellipodium formation and stabilization by actin poly-

merization [34, 35] (Fig. 2a). In addition, AQPs may also

promote cell–matrix adhesion (Fig. 2b), important for

tumor cell spread and migration, although the underlying

mechanism remains unclear. AQPs have also been associ-

ated with tumor proliferation by facilitating glycerol

uptake, which is essential for cellular biosynthesis and,

consequently for cell division [34, 35]. Therefore, AQP

expression can be advantageous for high metabolic turn-

over or tumor-specific metabolic pathways needed for

survival of malignant cells. Additionally, the possible

interaction between AQPs and oncogenes/oncoproteins can

ultimately activate the transcription of genes involved in

cell growth, transformation and survival [34, 35]. The

Fig. 1 Dendrogram depicting the phylogenetic relationship of mam-

malian aquaporins (AQP), showing the three main subfamilies.

Dendogram was generated by neighbor-joining method (applied to

1000 bootstrap data sets) using the MEGA6 software [145]. The

accession numbers are as follows: MIP (XP_011536656), AQP1

(NP_932766), AQP2 (NP_000477), AQP3 (NP_004916), AQP4

(NP_001641), AQP5 (NP_001642), AQP6 (NP_001643), AQP7

(NP_001161), AQP8 (NP_001160), AQP9 (NP_066190), AQP10

(NP_536354), AQP11 (NP_766627), AQP12 (NP_945349)
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involvement of AQPs in cancer may be also due to the

effects triggered by their permeants (Fig. 2c). In fact, it was

recently reported that some AQP isoforms mediate the

uptake of hydrogen peroxide [36, 37], a reactive oxygen

species that is involved in intracellular signaling and may

promote many aspects of tumor progression [38].

In the last decade, an increasing number of reports

showed that AQP5 is abundantly expressed in different

tumors and could serve as biomarker with prognostic value

of cancer aggressiveness [39–42]. In this review, we dis-

cuss the present knowledge on AQP5 function and

regulation as a membrane channel, focusing on AQP5

expression in human cancers, as well as on its implication

in cancer biology and involvement in tumor progression.

Aquaporin-5

Aquaporin-5 (AQP5) was first cloned from rat sub-

mandibular gland [43] and is widely distributed among the

human body, as depicted in Fig. 3. In fact, its expression

has been described in the digestive [44, 45], renal [46],

respiratory [47–49], integumentary [50–53] and reproduc-

tive systems [54, 55] as well as in sense organs [56–60], as

summarized in Table 1. Being primarily selective for

water, AQP5 thus plays important water flux control

throughout the several body systems.

AQP5 structure and selectivity

The 3D structure of AQP5 (Fig. 4) shows that this isoform

shares the core structural features found in other AQP

family members [69]. These channels are inserted in cell

membranes as tetramers (Fig. 4a, b) composed by four

identical monomers, each behaving as a water pore

(Fig. 4c). Each monomer interacts with two of its neigh-

bors, forming a central pore (Fig. 4a) that is not involved in

water conductance [17], but was suggested to permeate

gases [48, 70, 71] and ions [72, 73]. Interestingly, AQP5

structure was solved with a lipid molecule (phos-

phatidylserine) occluding this central pore [69], whose

physiological relevance is still unclear but may inhibit the

permeation of oxygen [74].

The different structural domains of one AQP5 monomer

are represented in Fig. 4d. Each monomer is composed of

265 amino acids distributed along six transmembrane

alpha-helices (1–6) connected by five loops, with both

amino and carboxyl termini located in the cytoplasm [5,

75]. Loops B and E fold back into the membrane forming

two half-helices containing two short hydrophobic stret-

ches of amino acid residues asparagine–proline–alanine

(NPA), highly conserved and considered the signature

sequence for AQPs [76]. The NPA repeats are embedded in

the membrane and are critical to water and solute perme-

ation (Fig. 4d). AQP5 pore (grey mesh in Fig. 4e) contains

two conserved filters that prevent permeation of too large-

sized molecules and positive charges including protons,

which is crucial to avoid dissipation of proton gradients.

From the exoplasmic side and running along the pore, the

narrowest region of the pore is found to be the aromatic/R

constriction selectivity filter (ar/R) composed by an argi-

nine residue in an aromatic environment that excludes

solutes larger than 2.8 Å. Further down in the center of the

pore, the second selective filter is formed by the NPA-

capped ends of the two half-helixes which, together with

the backbone a-carbonyl groups, act as hydrogen-bond

donors and acceptors that coordinate the transport of water

through the pore. Both filters are responsible for proton

exclusion by mechanisms still in debate in the literature.

The first studies pointed to proton exclusion due to water

molecule dipoles reorientation near the NPA-motifs caus-

ing interruption of hydrogen bonds and preventing proton

transfer through a Grotthuss-type ‘proton-wire’ mechanism

[17, 77]. In addition, a strong electrostatic field spanning

the aquaporin pore, peaking at the NPA and ar/R regions, is

responsible for blocking proton conduction through the

pore [70, 78, 79]. A recent study has shed new lights on this

mechanism highlighting that in addition to the NPA-motifs

Fig. 2 Aquaporins (AQPs) roles in cancer. a At the leading edge of

the migrating cell, AQPs facilitate water fluxes driven by an increase

in local osmolarity due to transmembrane ion fluxes, promoting

lamellipodium formation and stabilization by actin polymerization.

b AQPs may increase cell–matrix adhesion, important for tumor

spread. c AQPs facilitate permeants (glycerol, hydrogen peroxide)

uptake or may interact with oncoproteins, which activate intracellular

signaling cascades promoting the transcription of genes involved in

tumor cell proliferation
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the ar/R selectivity filter contributes to prevent proton

conduction via a Grotthuss mechanism [80].

AQP5 regulation

The molecular mechanisms for the regulation of AQP5

protein expression are not yet fully understood. However, it

is known that promoter region of AQP5 gene encompasses

two nuclear factor-jB (NF-jB) responsive elements, two

activator protein 1 (AP-1) binding sequences [81], a

number of putative GATA-binding sites, multiple putative

specificity protein 1 (Sp1) consensus sites [82], and an

estrogen response element [83], suggesting that these ele-

ments may directly regulate AQP5 expression. In addition,

GATA-6 mediates transcriptional activation of AQP5

indirectly through synergic interactions with the tran-

scription factor Sp1 [84]. Regulation through

osmosensitive transcription nuclear factor of activated

T-cells 5 (NFAT5) is implicated in the hyperosmotic

expression of AQP5 [85, 86] and hypoxia is implicated in

AQP5 downregulation in lung epithelial cells through both

hypoxia inducible factor (HIF-1a) and proteasome-medi-

ated pathways [87].

Similar to other eukaryotic AQPs, post-transcriptional

regulation of AQP5 function has been reported. AQPs are

frequently regulated by trafficking, whereby shuttling from

intracellular sites to the plasma membrane occurs in

response to various stimuli. The translocation of AQP5 in

response to neurotransmitters, hormones [88] and cyclic

adenosine monophosphate (cAMP) [89, 90] has been

described. cAMP regulates AQP5 expression at both tran-

scriptional and post-transcriptional levels through a protein

kinase A (PKA) pathway [89]. AQP5 has two cAMP-de-

pendent protein kinase target motifs at loop D and

C-terminal tail (Ser156 and Thr259, respectively). AQP5

translocation is affected by cAMP in a PKA-mediated

manner with dual effects: short term exposure to cAMP

results in AQP5 internalization from the plasma membrane

while long term (8 h) exposure increases AQP5 abundance

and labeling on the apical membrane [90]. Woo et al.

reported that phosphorylation of AQP5 at its Ser156 is not

responsible for AQP5 translocation to the plasma mem-

brane [91] but rather promotes cell proliferation through

the RAS signaling pathway [92]. Interestingly, Ser156 is

preferentially phosphorylated in tumor cells [93] thus

supporting PKA-dependent phosphorylation of Ser156

involvement in cell proliferation.

Recently, Kitchen et al. [94] proposed that AQP5

membrane abundance which results from the balance

between translocation to and internalization from the

membrane, is regulated by three independent mechanisms:

phosphorylation of AQP5 in Ser156 resulting in either

increased targeting or decreased internalization or both;

involvement of PKA in basal recycling of AQP5 between

the plasma membrane and intracellular sites independently

of Ser156 phosphorylation; and environmental tonicity-

regulated changes in AQP5 localization that are not

mediated by phosphorylation of Ser156 nor by PKA.

Acting together, these pathways dictate the number of AQP

molecules present in the target membrane and regulate

cellular water flow.

AQPs are also regulated by ‘‘gating’’, which are mech-

anisms that produce a change in the 3D structure,

ultimately affecting the rate of water/solute permeation

across the channel [95]. An interesting gating mechanism

regulating human AQP5 activity has been recently pro-

posed by computational studies [96] that will benefit from

further experimental evidence. By means of molecular

dynamics simulations Janosi et al. [96] found that AQP5

channel can switch between different conformations char-

acterized by distinct rates of water flux, thus changing

between open and closed, and between wide and narrow

conformations, respectively (Fig. 4e). The transition

between open and closed states occurs through a tap-like

mechanism and involves the displacement of the His67

residue located at the cytoplasmic part of the channel. In

addition, being in the open conformation, the channel may

transition between wide and narrow states, thus conducting

maximum and lower water fluxes, respectively. This latter

mechanism is governed by the orientation of His173 resi-

due, which is located near the selectivity ar/R filter. The

trigger for AQP5 gating is still unclear. It is well estab-

lished that eukaryotic AQPs can be gated by

phosphorylation [95]. Several consensus phosphorylation

bFig. 3 Tissue distribution of human aquaporin-5 (AQP5). In the eye

AQP5 is expressed in the cytoplasm and/or plasma membrane of lens

fibber cells depending on its differentiation, in the cytoplasm and

plasma membrane of corneal epithelium and in the apical membrane

of acinar cells in lacrimal glands. In the inner ear this isoform is

expressed in the cochlea, in the apical membrane of outer sulcus cells

of the apical turn. In the respiratory system AQP5 is expressed in

airways at the apical membrane of columnar epithelial cells and at the

apical membrane of serous acinar cells of sub-mucosal glands. In

lungs, AQP5 is expressed at the apical membrane of type I

pneumocytes. It is also expressed in the apical membrane of ductal

cells in mammary glands. In the digestive system this isoform is

expressed in the pancreas, at the apical membrane of intercalated and

intralobular ductal cells and at the apical membrane of acinar cells in

salivary glands, as well as at the apical and basolateral membranes of

secretory cells of Brunner’s glands in the duodenum. In integumen-

tary system AQP5 is expressed in the plasma membrane of

keratinocytes in the skin granular layer and in apical and basolateral

membranes of secretory cells in sweat glands. AQP5 is also expressed

in renal cortex, in the apical membrane of type B intercalated cells in

the collecting duct. In the female reproductive system AQP5 is

expressed in the cytoplasm of vaginal epithelial cells, in the

basolateral membrane of endometrial glandular epithelial cells and

in the plasma membrane of uterus smooth muscle cells
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sites are present in AQP5 [69], however, none of these

residues clearly qualifies as the regulatory site [96].

Despite the wide distribution of AQP5 in human body

and the detailed information available of its structure and

regulatory mechanisms, not much is known about the

correlation between AQP5 dysfunction and disease. Recent

studies have demonstrated that AQP5 mutations were

associated with the development of palmoplantar kerato-

derma, a disease that is characterized by an abnormal

thickening of the skin on the palms of the hands and soles

of feet [52, 53]. An AQP5 transport defect was also

associated with Sjögren’s syndrome, a chronic autoimmune

disease that destroys the salivary and lacrimal glands [66,

97]. AQP5 decreased expression in secretory cells of

lacrimal and salivary glands probably contribute to the

reduced lacrimation and salivation in humans. In addition,

Aqp5-null mice have reduced saliva and airway submu-

cosal secretions [98, 99], reduced water permeability

across the alveolar epithelium [100] and thicker corneas

[101]. Therefore, further functional and mechanistic stud-

ies are required to disclose AQP5 implication in these

pathologies.

Table 1 Tissue distribution and functions of aquaporin 5 in human body

System Localization Subcellular localization Role References

Digestive Pancreas AP of intercalated and intralobular

duct cells; AP of mucoid

gland/duct cells

Transcellular water flux for final isotonic

pancreatic fluid production

[61]

Salivary glands: lingual,

labial, submandibular

and parotid

AP of acinar cells; secretory

canaliculi of submandibular and

parotid glands

Transcellular water flux for primary saliva fluid

production

[62, 63]

Duodenum: Brunner’s

glands

AP and BL of secretory cells Water transport by the gland [64]

Reproductive Vagina IN in epithelial cells Transcellular water flux for vaginal lubrification [54]

Uterus PM of smooth muscle cells; BL of

glandular epithelial cells;

glandular and luminal

endometrial cells; stromal cells

Possible role in transepithelial water flux for

uterine secretion and implantation

[55, 65]

Renal Kidney (cortex) AP of type B intercalated cells Transepithelial water reabsorption in collecting

system

[46]

Respiratory Lung AP of type I pneumocytes Possible mediation of osmotic water permeability

in type I alveolar cells

[47, 48]

Airway sub-mucousal

glands

AP of serous acinar cells Water flow for surface liquid production and gland

homeostasis

[47]

Trachea AP of columnar epithelial cells Replenishment of evaporative losses and rapid

restoration to a rehydrated state

[47]

Bronchi AP of ciliated duct columnar

epithelial cells

Protection of the epithelia from evaporative

dehydration and restoration of water from the

submucosal vasculature

[47]

Nasal cavity AP of columnar epithelial cells

facing the lumenal surface

Replenishment of evaporative losses and rapid

restoration to a rehydrated state

[47, 49]

Integumentary Sweat glands AP and BL of secretory cells Primary sweat fluid production [50, 51,

66]

Skin (stratum

granulosum)

PM of keratinocytes Skin hydration [53]

Mammary AP of epithelial ductal cells Transcellular water transport in milk production [67, 68]

Inner ear (cochlea) AP of outer sulcus cells of the

apical turn

transcellular water shunt mediation between the

perilymph and endolymph

[58]

Senses Eye (lens) IN to PM of fibber cells depending

on differentiation

Transparency maintenance of the corneal

epithelium as well as underlying stroma; lens

homeostasis

[60]

Cornea IN and PM corneal epithelial cell Corneal fluid elimination [56, 57,

59]

Lacrimal glands AP of acinar cells Rapid water movement across lacrimal cell

membranes

[66]

AP apical membrane, BL basolateral membrane, IN intracellular, PM plasma membrane
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AQP5 in cancer

Due to AQP5 particular structural characteristics and up-

regulation in different tumors, an increasing interest in its

involvement in cancer has emerged from 2003 onwards.

Recent publications suggest that this isoform enhances cancer

cell proliferation, migration and survival through multiple

pathways that are not yet fully understood [92, 93, 102–113].

In general tumor cells overexpress this protein that is pri-

marily located in plasma membranes although also found

intracellularly for several cancer types. AQP5 expression

profile in human cancers is summarized in Table 2.

Figure 5 depicts the proposed molecular events

accounting for AQP5 involvement in tumorigenesis. In

tumors, the cAMP dependent phosphorylation of AQP5 on

Ser156 by PKA activates the RAS/Mitogen-activated pro-

tein kinases (MAPK) pathway involved in cell proliferation

and survival [92, 102]. AQP5 also binds to the SH3 domain

of adaptor molecules, such as c-Src [102] that can in turn

activate intracellular pathways, such as RAS/MAPK [92,

103]. AQP5 seems only to interact with the activated form

of c-Src [102], which is associated with epithelial mes-

enchymal transition (EMT), a common process in invasive

tumors by which cells lose their epithelial characteristics

Fig. 4 Structure of AQP5. a Extracellular and b side views of AQP5

homotetramer showing the central pore with lipid (phosphatidylser-

ine). c Diagram illustrating how water molecules permeate through

AQP pore. d Topology map of the basic monomeric AQP5 fold,

showing the six transmembrane alpha-helices (1–6) connected by

loops (A–E), the conserved asparagine–proline–alanine (NPA) motifs

embed in the membrane, the histidine residues involved in gating

(His67 and His173) and the serine residue involved in intracellular

signaling (Ser156). e Detailed view of AQP5 pore and schematic

representation of the proposed AQP5 gating mechanism. The two

half-helices are depicted in white and the positioning of ar/R and NPA

selectivity filters is indicated. The grey mesh represents the residues

lining AQP5 pore. Key histidine residues involved in AQP5 gating

are highlighted: His67, which controls the transition between closed

and open conformations, and His173, controlling the transition

between wide and narrow states. Structures were generated with

Chimera (http://www.cgl.ucsf.edu/chimera) and are based on AQP5

X-ray structure (protein data bank code: 3D9S)
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and acquire migratory mesenchymal properties, starting to

express mesenchymal markers [33] and presenting a

marked spindle cell-like/fibroblastic phenotype [102].

Activated c-Src promotes EMT by enhancing integrin

mediated cell–matrix adhesion and disrupting E-cadherin

dependent cell–cell contacts [131]. The activation of inte-

grins and focal adhesion kinase (FAK)–MAPK signaling

pathway may also play a prominent role in tumor spread

and proliferation [132, 133] related with AQP5 up-regu-

lation [104]. AQP5 may additionally facilitate cancer cell

motility due to its preferential polarization in the leading

edge of migrating cells [106, 108, 111–113], as described

for other oncogenic AQPs [35] (represented in Fig. 2a).

Microarray analysis after AQP5 silencing revealed its

influence on the expression of genes related with cell

growth, development, cycle progression and apoptosis

[124]. This agrees with higher susceptibility to apoptosis

after down-regulating AQP5 in cancer cells [107]. The link

between AQP5 and tumor resistance to apoptosis is

unclear, but may involve the activation of the epidermal

growth factor receptor (EGFR). Up-regulating AQP5 in

lung cancer cells activated EGFR [111], which is known to

trigger the RAS/MAPK as well as phosphatidylinositol-3-

kinase (PI3K)/AKT signal pathways [134]. PI3K activates

AKT that in turn blocks caspase-9, ultimately blocking

apoptosis in AQP5 expressing cancer cells [107]. It is also

known that AQP5 promoter contains sequences for nuclear

factor-jB (NF-jB) [81], suggesting that NF-jB may reg-

ulate AQP5 expression [109, 110]. In the cytoplasm NF-jB

binds to its inhibitor IjBa and stays inactive. After receptor

activation, IjBa is degraded and NF-jB translocates into

the nucleus where it activates the transcription of AQP5

and anti-apoptotic genes, promoting cell proliferation and

survival [109, 110].

In colon cancer cells, AQP5 is also associated with the

p38 MAPK pathway [105], which is activated in response

to stress signals, like chemotherapy-damaged DNA. Acti-

vation of p38 MAPK pathway leads to the expression of

multidrug resistance proteins responsible for tumor drug

resistance [33, 105, 114].

In the next sections we will further review and discuss

the current knowledge on AQP5 in cancer, describing its

expression profile and highlighting the underlying mecha-

nisms involved in carcinogenesis in a variety of

malignancies occurring in different body systems.

Digestive system

Oral and esophageal cancer

Aquaporin-5 is down-regulated in salivary gland adenoid

cystic carcinoma, with weak or no expression comparing

Table 2 Aquaporin 5 expression in human cancers

Cancer Expression Cellular localization References

Colon and colorectal cancer : IN and PM of cancer cells [103, 105, 114, 115]

Lung adenocarcinoma : IN and PM of cancer cells [85, 93, 102, 111, 116–

119]

Breast ductal adenocarcinoma : Invasive cancer cells [67, 120]

Epithelial ovarian tumors : PM of cancer cells [108–110, 121, 122]

Cervical cancer : PM of cancer cells [123]

Endometrial adenocarcinoma : Cancer cells [113]

Esophageal SCC : IN and PM of cancer cells [124, 125]

Tongue SCC : Cancer cells [104]

Salivary glands adenoid cystic

carcinoma

; Cancer cells [104]

Chronic myelogenous leukemia : IN and PM of cancer cells—megakaryocytes, myeloblast and

granulocytes

[107]

Meningioma : IN of cancer cells [126]

Astrocytoma : Cancer cells [127]

Glioblastoma : Fibrous tract possibly along cytoskeleton of cancer cells [126, 127]

Gastric cancer : PM of cancer cells [112, 128, 129]

Hepatocellular carcinoma : Cytoplasmic granules and PM of cancer cells [39]

Gallbladder carcinoma and bile duct

carcinoma

: PM of cancer cells [130]

Prostate cancer : Cancer cells [106]

Pancreatic ductal adenocarcinoma ND Cancer cells [61]

ADC adenocarcinoma, SCC squamous cell carcinoma, IN intracellular, PM plasma membrane, ND not defined
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with normal glands [104]. On the other hand, AQP5 is up-

regulated in tongue squamous cell carcinoma (SCC) [104],

esophageal SCC [124, 125] and in intramural esophageal

SCC [124], suggesting a possible role of this isoform in

SCC tumorigenesis.

AQP5 silencing inhibited cell growth in a tongue SCC

cell line probably by disrupting the actin alignment and by

suppressing the expression of integrins a5 and b1 in an

initial phase, and by inhibiting the MAPK signaling path-

way in a second phase [104]. In addition, AQP5

knockdown partially reduced cell cycle progression from

G1 to S phase and induced apoptosis [104]. These results

suggest that AQP5 plays an important role in cell growth,

survival and adhesion promoting cytoskeleton integrity and

that its suppression could ultimately lead to cell death by

anoikis resulting from loss of cell–matrix interaction and

cytoskeleton disruption [104, 135].

AQP5 overexpression relates with clinicopathological

variables, such as tumor size and histological type as well

as with tumor malignancy and the risk of recurrence after

curative surgery, pointing that it could constitute a basis for

selecting an appropriate postoperative treatment [124].

Fig. 5 AQP5 intracellular signaling pathways involved in cancer.

Phosphorylation of AQP5, mediated by cAMP-dependent protein

kinase A (PKA), promotes the binding of adaptor molecules with SH3

domain, such as c-Src, triggering intracellular signaling cascades.

Downstream, there is signal transduction through RAS/Raf-1/mitogen

activated protein kinase 1 and 2 (MEK1/2)/extracellular signal-

regulated kinases 1 and 2 (ERK1/2) pathway to the nucleus, where

cyclin (Cy)/cyclin-dependent kinases (CDK) complexes phosphory-

late retinoblastoma protein (Rb) that releases the transcription factor

E2F, leading to expression of genes that are involved in cell

transformation, proliferation, cycle progression and survival. Cell–

matrix adhesion mediated by integrins is required for the continuous

activation of focal adhesion kinase–mitogen-activated protein kinases

(FAK–MAPK) pathway that is essential for cytoskeleton integrity.

This pathway also promotes epithelial mesenchymal transition (EMT)

by increasing the expression of mesenchymal markers and decreasing

the expression of epithelial markers, essential for cancer cell

migration and spread. Epidermal growth factor receptor (EGFR)

activation by growth factors can activate RAS/MAPK signal trans-

duction pathway and phosphoinositide 3-kinase (PI3K), which in turn

activate protein kinase B (AKT) that is able to block caspase-9

activation. In the cytoplasm, nuclear factor-jB (NF-jB) binds to its

inhibitor IjBa and stays in an inactive state. After receptor activation,

IjBa is phosphorylated and undergoes proteossomal degradation. NF-

jB is released and translocates into the nucleus where it activates the

transcription of target genes, namely anti-apoptotic genes, resulting in

increased AQP5 expression, cell proliferation and survival. AQP5

expression was also recently implicated in colon cancer multidrug

resistance mechanisms due to activation of p38 MAPK pathway in

response to stress signals
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Interestingly, co-expression of AQP5 and AQP3 is related

with invasion depth, lymph node involvement, metastasis

and a poorer survival rate [125], which suggest that the

combined detection of these two isoforms may be an useful

prognostic biomarker for esophageal SCC. Although the

correlation between AQP5 overexpression and oral cancer

requires validation, the available data indicate that AQP5

could be a drug target and/or a useful biomarker for this

disease.

Gastric cancer

Aquaporin-5 is overexpressed in gastric cancer cell lines

and tissue samples, especially in intestinal histological

type, in parallel with a decrease in AQP4 that is extensively

expressed in normal gastric epithelia [112, 128, 129].

However, AQP5 expression in intestinal metaplasia, a

precursor event of gastric cancer, is still controversial [112,

129]. Confirming AQP5 expression in metaplastic and then

in cancer cells will establish its importance in gastric

cancer tumorigenesis and progression. AQP5 overexpres-

sion is also correlated with lymph node metastasis and

lymphovascular invasion, which are related with gastric

cancer aggressiveness [112, 128]. In addition, induced

AQP5 overexpression in a poorly differentiated human

gastric adenocarcinoma cell line (MKN45) decreased cell

proliferation and the number of cells with spindle-like

shape and increased alkaline phosphatase activity and

laminin b3 expression, which are known markers of dif-

ferentiated gastric cells, suggesting an involvement of this

isoform in cell differentiation [129]. In contrast, another

report demonstrated that AQP5 stimulates cell proliferation

and migration rather than differentiation [112]. Although

these contradictory results may be explained by cell genetic

background differences, further studies are needed to dis-

close the possible involvement of AQP5 in gastric cell

differentiation and its clinical implications for cancer

patients.

Colon and colorectal cancer

Aquaporin-5 expression is up-regulated in colorectal can-

cer (CRC) compared with normal colonic tissue where its

expression is rarely detected [42, 92, 103, 105, 114, 115].

Some studies also detected AQP5 expression in pre-neo-

plastic lesions, such as mild dysplasia, as well as early and

late adenomas [92, 103, 114]. On the other hand, AQP8

expression seems to be down-regulated [115], suggesting

that a loss of this isoform in association with a gain of

AQP5 may be a critical event in colorectal carcinogenesis

by still unclear molecular mechanisms.

It is well established that activation of RAS/MAPK

pathway can lead to EMT and, consequently, to metastatic

progression of colorectal cancer [136]. Accordingly,

overexpression of AQP5 increased ERK1/2 phosphoryla-

tion in HCT116 colon cancer cells while overexpression of

AQP1 and AQP3 had no effect [103]. Based on these

findings it was proposed that the oncogenic property of

AQP5 is mediated by the activation of RAS/MAPK sig-

naling pathway [92], which is critical for cell cycle

regulation (Fig. 5).

AQP5 silencing in HT-29 cells demonstrated that AQP5

expression increases cell proliferation, even with

chemotherapeutic treatment [105]. Actually, a positive

correlation was found between AQP5 expression and the

expression of multidrug resistance (MDR) proteins, such as

P-glycoprotein (P-gp) [105]. It was also found that treat-

ment of HT-29 cells with AQP5-siRNA or with a p38

MAPK inhibitor decreased p38 phosphorylation, suggest-

ing that this pathway is involved in colon cancer MDR

[105] (Fig. 5). Although further investigation is needed to

reveal the exact contribution of p38 MAPK pathway in

mediating MDR in AQP5 overexpressing cells, these

interesting findings propose that AQP5 could be a

promissory therapeutic target for CRC.

Independent statistical studies found a positive correla-

tion between AQP5 overexpression and tumor-nodes-

metastasis (TNM) stage [115], distant lymph node metas-

tasis [42, 115] and liver metastasis [93]. However, the

relationship between the overexpression of this isoform and

the degree of tumor differentiation is still controversial and

requires additional studies. In fact, AQP5 overexpression

was related with decreased tumor differentiation, with

higher tumor aggressiveness and, consequently, with a

poorer prognosis [105]. On the contrary, another study

related AQP5 overexpression with high/medium tumor

differentiation and thus less aggressive tumors [115].

Finally, in a more recent study AQP5 was not associated

with overall patient survival and disease-free survival,

implying that it cannot be considered an independent

prognostic marker for CRC [42].

Hepatic cancer

A recent study suggested for the first time that AQP5

overexpression in hepatocellular carcinoma (HCC) cells

may be strongly related with more aggressive clinico-

pathological features, such as higher tumor stage, lymph

node involvement and a poorer survival rates [39]. In

addition, combined AQP5 and AQP3 overexpression was

associated with the poorest prognostic for HCC patients,

suggesting that these two proteins could be used as helpful

prognosis markers in this type of cancer [39]. Since only

one report associates AQP5 overexpression with a poorer

survival for HCC patients, additional studies are needed to

understand the potential involvement of this isoform in cell
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proliferation, migration and metastasis, as well as its

potential use as a drug target.

Biliary tract cancer

In biliary tract cancer, which comprises both gallbladder

and bile duct carcinomas, AQP5 is overexpressed and, in

some cases, associated with loss of subcellular polarization

[130]. Surprisingly, a positive correlation was found

between AQP5 overexpression and small tumor size,

favorable response to postoperative chemotherapy and

disease-free survival of patients [130], indicating that this

isoform acts as a tumor suppressor rather than an onco-

genic protein thus playing a different role in this type of

cancer. AQP5 may facilitate bile transport and reabsorption

and may be important for drug sensitivity in biliary tract

cancer.

Respiratory system

Lung cancer

The subcellular localization of AQP5 in lung cancer cells

seems to be determined by cellular differentiation. Baso-

lateral membrane expression in nonmucinous

bronchioloalveolar carcinoma cells and in atypical adeno-

matous hyperplasia is unique and might represent an early

event in lung adenocarcinoma development [118].

Many reports demonstrated that AQP5 is up-regulated in

non-small cell lung cancer (NSCLC), especially in well to

moderately differentiated adenocarcinomas [85, 93, 111,

117, 118]. However, an association between AQP5

expression and clinicopathological variables for lung can-

cer patients is still controversial. AQP5 overexpression was

found to be associated with the histological tumor type,

TNM staging and lymph node metastasis [137]. A positive

correlation was also reported between AQP5 overexpres-

sion and worst clinical outcomes, with higher rates of

tumor recurrence, early disease progression [102] and

decreased survival rates [137] suggesting that AQP5 could

be a novel prognostic marker in NSCLC. However, these

observations were not confirmed in a posterior study [118]

thus rendering necessary additional investigation.

Site-directed mutagenesis demonstrated that both AQP5

phosphorylation by PKA and AQP5 plasma membrane

localization are important for migration and proliferation in

NSCLC cell lines [102]. Consistent with these findings

AQP5 silencing reduced both tumor cell migration and

proliferation [85, 111, 119] at least partly through

osmosensitive transcription factor NFAT5 regulation [85].

AQP5-overexpressing tumor cells have increased tumor

growth rates, produce more and bigger metastasis and are

preferably located at the leading edge of the lesions with

more alveolar wall invasion. These cells also express

higher levels of proliferating cell nuclear antigen and

c-Myc, which are mitotic markers [111], and increased

amounts of Mucin 5AC [111, 117] and Mucin 5B, in part

through EGFR signaling pathway [117]. These findings are

important because mucins can affect the formation of

tumoral tissues, facilitating tumor progression through an

increase in cell proliferation and metastatic potential [138].

Chae et al. [102] found that AQP5-overexpressing bron-

chial epithelial cells lost their cell–cell contacts, their

characteristic polarity and epithelial cell markers, such as

E-cadherin, a-catenin and c-catenin, expressing instead

mesenchymal markers, such as vimentin and fibronectin.

Contradictory to these findings, Chen et al. [119] observed

that the acquisition of a fibroblast-like morphology occurs

in parallel with a decrease of AQP5 expression, as well as

zonula occludens-1 and E-cadherin. Thus, the influence of

AQP5 overexpression in EMT remains to be elucidated for

lung cancer.

Integumentary system

Breast cancer

In invasive breast cancer cells AQP5 is up-regulated [67,

120] and its polarity in the apical plasma membrane

domain of benign ductal epithelial cells is lost during the

progression of breast tumors. In fact, in cancer cells, AQP5

is diffused intracellularly and this diffusion is more

prominent in invasive tumor cells, especially in cases with

lymph node metastasis [67]. The prominent intracellular

location observed in poorly differentiated high-grade tumor

cells may result from the lost membrane polarity and

subsequent impairment of AQP5 targeting to the mem-

brane; however AQP5 subcellular location may contribute

for activation of intracellular pathways involved in prolif-

eration and drug-resistance mechanisms. In fact,

knockdown of AQP5 in MCF7 breast cancer cell line

reduced cell migration and proliferation, indicating that

this isoform plays an important role in tumor spread [67],

although the specific pathways involved remain to be

elucidated.

AQP5 overexpression is associated with metastasis [67,

120], poor prognosis [40, 67, 120], higher tumor grade and

tumor recurrence [120]. Interestingly, in early breast cancer

cases AQP5 overexpression was found to be correlated

with patient survival in hormone positive (that express

progesterone and/or estrogen receptors) and/or human

epidermal growth factor receptor 2 (HER2) positive tumors

[40]. It is possible that in these early cases, AQP5 may

facilitate the entry of chemotherapeutic agents into the

cells. It is known that triple negative tumors, that do not

express progesterone, estrogen nor HER2 receptors, have
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an unfavorable prognosis when compared with HER2 and

hormone positive tumors due to the lack of therapies other

than chemotherapy [139]. A decrease in cell proliferation

of a triple negative cell line (MDA-MB-231) was observed

after AQP5 silencing [67], which suggests that this protein

could be used as an efficient drug target for these cases.

AQP5 seems to actively participate in breast cancer

tumorigenesis, progression and spread. However, the rela-

tionship between the expression of this isoform and

survival rates of patients with triple negative tumors needs

further investigation.

Kasimir and co-workers [140] found a relationship

between functional promoter AQP5-1364C[A polymor-

phism (AC and CC genotypes) and progesterone receptor

positivity. It is known that binding of a transcription factor

to the C allele diminishes promoter activity and, conse-

quently decreases AQP5 expression [141]. However, no

association was found with increased risk of breast cancer

development or with clinicopathological variables such as

tumor size and grade, lymph node involvement, metastasis

and expression of estrogen or HER2 receptors. Since no

differences were found in patients’ survival rates, func-

tional regulation of progesterone receptors by AQP5 and

implications for adjuvant therapy remain to be elucidated.

Reproductive system

Ovarian cancer

Aquaporin-5 is overexpressed in malignant and borderline

ovarian tumors when compared with benign tumors and

normal ovarian tissue, where its expression is almost absent

[108, 109, 121, 122]. In addition, the subcellular localiza-

tion of AQP5 differs between benign and malignant

tumors: it is expressed at the basolateral membrane of

benign tumor cells, at the apical and basolateral mem-

branes of borderline tumor cells and scattered at the plasma

membrane of malignant tumor cells [109, 110].

AQP5 silencing decreased both proliferation and

migration of 3AO ovarian cancer cells and tumor growth

rates [108], which supports AQP5 implication in tumor

growth and spread. AQP5 overexpression was positively

correlated with lymph node metastasis and ascites forma-

tion; however, no relationship was found with other

clinicopathological variables, such as tumor histological

type and grade [121].

Treatment of ovarian cancer cell lines SKOV3 and

CAOV3 with epigallocatechin gallate (EGCG) [109], a

green tea polyphenol, or cisplatin [110], a first-line

chemotherapy drug against ovarian cancer, inhibited cell

growth and proliferation in a dose and time-dependent

manner. These treatments also reduced the expression of

AQP5 and NF-jB and increased the expression of IjBa

[109, 110]. Experiments with ammonium pyrrolidine

dithiocarbamate, a NF-jB specific inhibitor, suggested that

blocking NF-jB activation and consequently its nuclear

translocation could directly inhibit AQP5 gene transcrip-

tion and expression, leading to decreased cell proliferation

[109, 110]. Treatment with EGCG also activated the

apoptosis-signaling pathway by enhancing endonuclease

activity leading to DNA fragmentation [109].

Gynecological cancer

Aquaporin-5 expression was found to be up-regulated in

cervical [123] and endometrial cancers [113]. In cervical

cancer AQP5 overexpression was positively correlated

with lymph node metastasis, Ki-67 (proliferative cell

marker) expression and poor outcome [123]. In addition,

the cumulative expression of AQP5 and Ki-67 is related

with the worst survival rates [123]. Since the expression of

these proteins is not observed in normal cervical tissues,

this may be considered a cancer-specific event. However,

further characterization of the pathways by which AQP5

and Ki-67 are involved in the pathogenesis of cervical

cancer is still needed, as well as their role as prognostic

indicators.

AQP5 silencing in an endometrial adenocarcinoma cell

line decreased cell migration suggesting that this isoform

may be involved in this process [113]. It is known from

previous studies that the expression of endometrial AQP5

is menstrual cycle-dependent and correlates with serum

levels of estradiol, which is indicative of an estrogen

regulation mechanism [113]. It is also documented that

AQP5 promoter region has an estrogen response element

that is directly activated by estrogen [83], similarly to

AQP2, which expression mediated by estrogen increases

cell migration, invasion and adhesion [142]. Since

endometrial cancer is an estrogen dependent disease, a

similar regulation mechanism may be involved in AQP5

expression.

Prostate cancer

A recent study has revealed for the first time the involve-

ment of AQP5 in prostate cancer. AQP5 can be both

overexpressed and lost in subgroups of prostate cancers

[143] and both alterations are linked to unfavorable out-

come. AQP5 expression was related with AQP5 gene

amplification, tumor grade, circulating tumor cells, lymph

node metastasis, Ki-67 expression, gene deletions, high

Gleason scale and post-operative PSA levels [106, 143]. It

is hypothesized that this dichotomous role of AQP5 in

cancer cells may be due to different mechanisms: AQP5

may influence migration and may activate intracellular

pathways leading to cancer cell proliferation.
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Nervous system and hematologic tumors

Chronic myelogenous leukemia

Up to now only one study reported alterations of AQP5

expression in chronic myelogenous leukemia (CML) [107].

In fact, Chae and co-workers showed that AQP5 is over-

expressed in CML cell lines and bone marrow samples

when compared with peripheral blood lymphocytes and

normal bone marrow cells. In addition, they found a pos-

itive correlation between higher AQP5 expression and

accelerated or blast crisis phase. There is evidence that

AQP5 overexpression may be related with increased cell

proliferation, which seems to be due to an augment in

BCR-ABL1 and Akt phosphorylation at Tyr177 and

Thr308 positions, respectively. These two critical cell-

signaling molecules for CML cell proliferation can be

deactivated by AQP5 ablation, as shown by siRNA assays.

It was also found that AQP5 silencing increases caspase 9

activity, resulting in an increasing number of cells under-

going apoptosis [107]. Resistance to imatinib mesylate, a

tyrosine-kinase inhibitor used in CML treatment at chronic

phase, was also associated with a higher AQP5 expression.

However, this drug resistance seems to be due to an

independent secondary molecular event rather than to

amplification or mutation in BCR-ABL fusion genes,

common in CML cells. AQP5 ablation studies with ima-

tinib mesylate therapy are needed to examine if AQP5

down-regulation increases the drug susceptibility of CML

cells in patients at chronic phase. If AQP5 is involved in

CML cell proliferation and aggressiveness as suggested, it

will be important to identify the underlying BCR-ABL1

and apoptosis pathways affected by AQP5 expression.

Expression profile studies in other hematologic malignan-

cies would also be of great interest to look for similarities

with solid tumors.

Brain cancer

Aquaporin-5 was found to be up-regulated in primary

glioblastomas and astrocytomas [127]. However, due to the

low number of samples tested, further investigation is

needed to corroborate these preliminary findings.

In meningiomas, whose majority are benign tumors,

AQP5 overexpression associates with A(-1364)C poly-

morphism in the promoter region [126]. The

C(-1364)allele, known to be involved in decreased pro-

moter activity [141] was associated with low AQP5

expression and with less severe brain edema [126]. In fact,

AA genotype seems to result in an AQP5 up-regulation and

is related with severe brain edema and poorer outcome,

however this correlation appears relatively week and needs

to be confirmed [126]. Since AQP5 appears to increase

water movement into the surrounding brain parenchyma,

preventing AQP5 induced brain edema might have a pos-

itive clinical impact. It is also known that RAS pathway

may play an important role in meningioma cell prolifera-

tion [144] and that AQP5 is involved in RAS signaling

transduction [103]. Thus, it would be interesting to inves-

tigate if this pathway is involved in the tumorigenesis of

meningiomas.

Conclusions and perspectives

Aquaporin-5 overexpression in cancer cells and tumor

tissues has been extensively reported. Consistent observa-

tions demonstrate that AQP5 is up-regulated in cancer,

strongly suggesting its implication in carcinogenesis in

different organs and systems. Due to AQP5 involvement in

cell migration, proliferation and adhesion in human cancer,

this protein emerges as a promising drug target and its

modulators as useful anti-tumor agents. Although the

mechanisms by which AQP5 interferes with cell differen-

tiation and participates in tumorigenesis are not completely

clear, the information available supports its interaction

with oncoproteins, such as RAS and c-Src and, thus, its

interplay with intracellular signaling transduction path-

ways. In addition, AQP5-facilitated transmembrane water

transport was also proposed to be involved in tumor cell

migration, where AQP5 polarization at the front edge of

the migrating cell facilitating rapid changes in cell volume

and subsequent changes in cell shape is crucial for the

suggested mechanism [35]. Despite the precise molecular

events responsible for AQP polarization in cells are not

clear, the recently described mechanism whereby AQP5

membrane abundance is regulated by phosphorylation [94]

may help explain the preferential AQP5 phosphorylated

state found in tumors, the common pattern of AQP5

overexpression and the enhance of cell migration and

proliferation.

On the contrary, other lines of evidence indicate that

AQP5 may instead act as tumor suppressor in some

malignancies as indicated by preliminary findings in biliary

tract cancer. The complexity of AQP5 therapeutic use is

further illustrated by its involvement in both chemosensi-

tivity and drug-resistance mechanisms in tumors. In

addition, AQP5 differential expression among human tis-

sues and tumors within different body systems, suggests

the need of a tissue-targeted approach for anticancer

treatment.

The development of therapeutic strategies using AQP5

as drug target, however promising, needs a stronger basis

on the molecular mechanisms responsible for its partici-

pation in tumor biology. In addition to AQP5 interaction

with oncogenes, it is also possible that its function as a

Aquaporin-5: from structure to function and dysfunction in cancer 1635

123



channel (transporting water or any signaling molecule such

as hydrogen peroxide) is crucial for tumorigenesis. In this

context, the modulation of AQP5 gating (open and closed

channel) possibly through phosphorylation might be a

powerful tool to prevent tumor development. In fact, the

contrasting phosphorylation status between cancer and

normal tissues suggests that the key role of this isoform in

carcinogenesis is related with its phosphorylation rather

than with its expression in cancer cells. Blocking the par-

ticular phosphorylation site of AQP5 in loop D may

provide a unique opportunity in designing tumor-specific

molecular inhibitors.

In conclusion, there is a great translational potential in

AQP5-based therapeutics and diagnostics. In view of the

wide range of cancer malignancies in which AQP5 is

implicated, the potential of AQP5 as a biomarker for

cancer detection and prognosis should be explored. Further

pathophysiological investigation is required to establish

AQP5 as cancer drug target and as a biomarker for cancer

detection and follow up.
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