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The aquaporins (AQPs) form a family of integral membrane proteins that facilitate the movement of water across
biological membrane by osmosis, as well as facilitating the diffusion of small polar solutes. AQPs have been
recognised as drug targets for a variety of disorders associated with disrupted water or solute transport, including
brain oedema following stroke or trauma, epilepsy, cancer cell migration and tumour angiogenesis, metabolic
disorders, and inflammation. Despite this, drug discovery for AQPs has made little progress due to a lack of

reproducible high-throughput assays and difficulties with the druggability of AQP proteins. However, recent
studies have suggested that targetting the trafficking of AQP proteins to the plasma membrane is a viable
alternative drug target to direct inhibition of the water-conducting pore. Here we review the literature on the
trafficking of mammalian AQPs with a view to highlighting potential new drug targets for a variety of conditions
associated with disrupted water and solute homeostasis.

1. Introduction

The human body is approximately 60% water. The water content of
its different compartments is tightly and dynamically regulated, from
the approximately five litres of blood down to the picolitre volumes of
single cells. Aquaporins (AQPs) form a family of small integral mem-
brane proteins that facilitate the passive transport of water across all
biological membranes down osmotic or hydrostatic pressure gradients.
A subset of AQPs (known as aquaglyceroporins) can also facilitate the
passive transport of small uncharged solutes (such as glycerol, urea,
ammonia, and hydrogen peroxide). Although AQPs increase the water
permeability of the membranes in which they reside, most membranes
have some level of intrinsic, AQP-independent water permeability. For
some AQP-transported solutes there are also AQP-independent path-
ways (for example UT-A and UT-B transporters provide an AQP-
independent pathway for transmembrane urea diffusion [1]). In

humans, there are 13 family members, at least one of which is expressed
in almost all tissues. AQPs support a variety of physiological processes,
including whole-body water homeostasis via the kidneys [2], cerebro-
spinal fluid (CSF) homeostasis [3], glymphatic system function [4], and
cycling of triglyceride-derived glycerol between fat and the liver [5].
The pathophysiological consequences of AQP dysregulation include
brain and spinal cord swelling following traumatic injury [6,7] or stroke
[8], cancer cell migration [9], and nephrogenic diabetes insipidus [10],
and they are also implicated in neurodegenerative diseases [11] and
epilepsy [12,13].

The structural biology of the AQP family is well-established. AQPs
are multipass transmembrane proteins, consisting of approximately 300
amino acid residues with predicted molecular weights for the human
proteins ranging from 27 to 37 kDa. They have six transmembrane (TM)
domains that are linked by five loops. Two loops consist of short half-
helix membrane-embedded segments that enter and exit from the
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same side of the membrane, and contain the family's conserved signa-
ture Asn-Pro-Ala (NPA) motifs that form hydrogen bonds with water
molecules in the pore. AQPs are homotetrameric, but each monomer
functions independently as a water pore [14]. Water molecules traverse
the AQP pore in single file [15]. The structure of the termini, which are
cytoplasmic, is less well-understood as they are usually not resolved in
crystallographicl studies due to disorder or truncation during construct
design.

There are several ways in which mammalian AQPs could be regu-
lated to support dynamic fluid homeostasis. Changes in the rate of
transcription of AQP genes can lead to changes in protein levels and
therefore changes in membrane permeability. This is relatively slow
(hours) as the gene must be transcribed, and the protein translated and
trafficked from the endoplasmic reticulum membrane, through the
Golgi, and to the plasma membrane. Changes in subcellular localisation
of existing protein can be much faster. This can be mediated by changes
in the rates of internalisation by endocytosis and return through recy-
cling endosomes, or by exocytosis of dedicated “storage” vesicles (as for
the well-characterised trafficking of the glucose transporter GLUT4 in
response to insulin [16]). Membrane trafficking can lead to changes in
the amount of AQP protein in the plasma membrane and therefore
changes in membrane water permeability. Finally, changes in the single
channel permeability as a result of post-translational modification (e.g.
protein phosphorylation), or protein-protein interaction can lead to
changes in overall membrane permeability (known as “gating”). Whilst
AQP gating is well-established for plant AQPs [17], and the structural
biology is well-characterised [18], in mammals, regulation of AQPs by
changes in subcellular localisation is more common (Fig. 1). In this re-
view, we focus on the rapid changes in mammalian AQP function
mediated by subcellular relocalisation.

REGULATION BY CHANNEL GATING
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1.1. AQPO

AQPO, also known as major intrinsic protein (MIP), is expressed in the
fibre cells of the ocular lens. Unlike other mammalian aquaporins for
which regulation by gating remain controversial, direct gating of the water
channel has been described for AQPO. The single-channel water perme-
ability of AQPO expressed in Xenopus laevis oocytes increased approxi-
mately two-fold in response to decreased pH. Pre-treatment with diethyl
pyrocarbonate (DEPC), which covalently modifies histidine residues
leaving them non-protonatable, or mutation of the external His40 residue
abolished the pH response, suggesting that direct protonation of His40
mediates this increased water permeability. Removal of extracellular
calcium increased water permeability of AQPO approximately four-fold.
This Ca?* sensitivity was demonstrated to be dependent on calmodulin
(CaM) with CaM inhibitors (trifluoperazine, calmidazolium, and N-(6-
aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7)) restoring water
permeability [19]. Nuclear magnetic resonance (NMR) spectroscopy
was used to show that CaM binds the C-terminus of AQPO in a calcium
ion-dependent manner [20]. Further structural biology and molecular
simulation studies [21] suggested a model whereby Ca%*-bound CaM
binds AQPO with a 1:2 stoichiometry (i.e. 2 CaM molecules per AQPO
tetramer) allosterically inhibiting water permeability. Mutagenesis of
the AQPO C-terminus confirmed that the AQP0-CaM interaction inhibi-
ted AQPO function [22]. Phosphorylation of an AQPO C-terminal peptide
abolished CaM binding in vitro, suggesting that phosphorylation may
regulate water channel activity by altering CaM affinity. Specifically,
phosphorylation of Ser235, a consensus site for PKA has been shown to
relieve this inhibition by altering the CaM-AQPO interaction surfaces
[23]. Moreover, the PKA-anchoring protein AKAP2 increased phos-
phorylation efficiency, binding AQPO at residues 238-246 [24].

Regulation of AQPO by subcellular relocalisation has not been

REGULATION BY SUBCELLULAR RELOCALIZATION
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Fig. 1. Schematic overview of aquaporin regulation. Some plant AQPs are regulated by gating such as (a) SoPIP2;1 where low pH causes protonation of His193
leading to conformational changes and pore occlusion on the intracellular side (open structure at pH 8 PDB ID: 2B5F, closed at pH 6 PDB ID: 41A4). However, gating
has only been reported for (b) mammalian AQPO through calmodulin binding (PDB 3J41), which occludes the pore. The main regulatory mechanism for mammalian
AQPs (represented by AQP4, PDB ID: 3GD8) is (c) via trafficking to and from the plasma membrane. After protein biosynthesis, AQPs are inserted into intracellular
vesicles which transfer them to the plasma membrane. A population of intracellular vesicular pools also remains in the cytoplasm, which can be triggered to increase
AQP membrane abundance, typically via calmodulin- and phosphorylation-dependent mechanisms. Triggers can be hormonal (e.g. vasopressin-induced localisation
of AQP2 to the apical membrane of kidney collecting duct cells, V2R PDB ID: 7KHO) or environmental (e.g. hypoxia-induced localisation of AQP4 to the astrocyte
plasma membrane). Internalisation through clathrin-dependent and clathrin-independent (such as caveolae) pathways reduce cell surface abundance via incom-
pletely understood pathways. In addition, some AQPs are released into the extra-cellular space in extracellular vesicles.
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described. This is likely due to the unique cell biology of the lens fibre
cells whereby they progressively lose their organelles as they mature
[25]. However, treatment of rat lens epithelial explants with the PKC
inhibitor Go6979 prevented exit of AQPO from the Golgi, and Ser235Ala
mutation prevented Golgi exit of mouse AQPO overexpressed in the
rabbit kidney cell line RK13 [26], suggesting that phosphorylation of
AQPO is required for correct trafficking to the plasma membrane
immediately following biosynthesis.

Overall, AQPO is regulated by pH-, phosphorylation- and
calmodulin-dependent gating. There is no evidence yet to suggest that
AQPO is regulated by subcellular relocalization (Table 1).

1.2. AQP1

AQP1 is predominantly expressed in the brain, kidney, eye, lung,
muscle, and erythrocytes [27,28]. AQP1 was the first water channel to
be isolated, in 1992 [29], although earlier work by Benga et al. had
demonstrated the presence of this water channel protein in erythrocyte
membranes [30].

As well as water transport, AQP1 has been suggested to act as a
cGMP-gated ion channel that transports Cs™, Nat and K [28]. The
intracellular loop D was proposed to interact directly with cGMP [31]
and further investigation suggested that the phosphorylation of Tyr253
in the C-terminus regulates the ion channel of AQP1 and its response to
cGMP [32]. More recently, mutagenesis of the intracellular loop D
suggested that this region was crucial for the binding of cGMP [33]. Our
own recent work showed that interactions in this loop are crucial for the
stability of the AQP1 tetramer [34].

Protein kinase C (PKC) has been implicated in the regulation of
AQP1. In Xenopus oocytes, AQP1-dependent water permeability was
markedly increased following PKC activation, whereas mutants lacking
threonine 157 (Thr157Ala), threonine 239 (Thr239Ala) or both, had a
reduced response or did not respond at all to PKC activation, respec-
tively [35]. However, this study did not quantify the plasma membrane
localisation of AQP1, and so could not distinguish between AQP1
relocalisation and changes in single channel permeability. In HEK293
cells, AQP1 translocated from cytoplasmic vesicles to the plasma
membrane in response to extracellular hypotonicity and vice versa when

Table 1

Summary of the regulation of mammalian aquaporins. PKA - protein kinase A,
PKC - protein kinase C, PKG - proten kinase G, ERK - extracellular signal-
regulated kinase, MAPK — mitogen-activated protein kinase, PI3K — phosphati-
dylinositol 3-kinase, TRP — transient receptor potential.

AQP Regulation Trigger(s) Mechanism(s)

PKA, PKC, calmodulin, Ca%*
PKA, PKC, cGMP, cAMP,

AQPO Gating pH

AQP1 Trafﬁcking, secretin, h{/potonicity, Ca?", calmodulin, actin,
gating hypertonicity microtubules, TRP channels
. vasopressin, PKA, AKAPs, actin, TM5b,
AQP2 Trafficking hypertonicity Arp2/3
adrenaline,
AQP3 Trafficking hypotonicity, PKA, PKC, RalA, PISK/Akt/
- mTOR
hypertonicity
vasopressin, histamine, PKA, PKC, PKG, ERK, p38-
AQP4 Trafficking glutamate, MAPK, actin, TRP channels,
hypotonicity, hypoxia Ca?*, calmodulin
adrenaline, PKA, PKG, cAMP, Ca®",
AQP5 Trafficking acetylcholine, actin, microtubules, TRP
hypotonicity channels
AQP6 Gating pH -
AQP7 Trafficking lipolytic stimuli PKA, PLIN1
. cAMP, PKA, PI3K,
AQP8 Trafficking glucagon microtubules
AQP9 Trafficking unknown PKA, PKC
AQP10  Trafficking l%poger.uc S.tlle'l b unknown
lipolytic stimuli
AQP11 Trafficking unknown unknown
AQP12  Trafficking unknown unknown
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returned to isotonic conditions. Microtubule depolymerisation with
demecolcine blocked AQP1 relocalisation, whereas actin depolymer-
isation by cytochalasin D did not [36]. This translocation was blocked by
inhibition of transient receptor potential (TRP) channels, removal of
extracellular calcium and inhibition of CaM, as well as by either inhib-
iting PKC or mutating the putative phosphorylation sites Thr157 and
Thr239 [37].

AQP1 localisation may also be regulated by PKA. Purified PKA was
shown to phosphorylate immunoprecipitated AQP1 in vitro, and acti-
vation of PKA by cAMP analogues and forskolin increased the AQP1
abundance at the plasma membrane of Xenopus oocytes [38]. In primary
rat cholangiocytes, stimulation with the peptide hormone secretin
(which signals via cAMP in cholangiocytes [39]) led to increased
endogenous AQP1 in the plasma membrane fraction following subcel-
lular membrane fractionation by sucrose density gradient centrifuga-
tion, as well as increased plasma membrane water permeability [40]. In
mouse cholangiocytes, transfected rat AQP1-GFP relocalised to the
apical membrane in response to secretin or dibutyryl-cAMP [41].
However, PKA inhibition did not inhibit the hypotonicity-induced
relocalisation of human AQP1-GFP in HEK293 cells [36], suggesting
that PKA regulation of AQP1 localization may vary between cell types
and species.

CaM inhibition by W-7 or removal of extracellular calcium prevented
AQP1-GFP relocalisation in HEK293 cells [37], and W-7 inhibited
changes in GFP-AQP1l-mediated water permeability in transfected
human umbilical vein endothelial cells (HUVECs) [42], although the
mechanism by which CaM might modulate AQP1 remains to be
explored.

Overall, the subcellular localization of AQP1 is controlled by phos-
phorylation via at least two different protein kinases (PKC and PKA); this
regulation may be cell-type specific. AQP1 is further indirectly regulated
via activation of TRP channels, and may be controlled by CaM via an as-
yet-undetermined mechanism.

1.3. AQP2

AQP2 is a water-selective AQP predominantly expressed in the kid-
ney collecting duct. Relocalisation of AQP2 to the apical membrane of
kidney collecting duct cells in response to the anti-diuretic hormone,
arginine vasopression, was the first discovered example of an AQP
regulated by subcellular relocalisation [43,44], and remains the most
well characterised. AQP2 relocalisation has been extensively reviewed
elsewhere [45-47], so we intend to give the reader only a brief
overview.

Phosphorylation of AQP2 at Ser256 by PKA appears to be the major
determinant of AQP2 localization and is a requirement for vasopressin-
stimulated relocalisation of AQP2 from storage vesicles to the apical
membrane. Following vasopressin stimulation of rat renal tissue, AQP2
phosphorylation was increased at Ser256, measured by 32P labelling and
immunoblotting with a phosphor-Ser256-specific antibody [48]. Anal-
ysis of the stoichiometry of phospho-Ser256 AQP2 in Xenopus oocytes
using phosphomimetic (Ser256Asp) and non-phosphorylatable
(Ser256Ala) mutants suggested a requirement of at least three phos-
phorylated monomers per tetramer for apical membrane localization
[49]. This PKA-dependent Ser256 phosphorylation has also been
implicated in a direct increase in single-channel water permeability.
Both cAMP stimulation of AQP2-expressing Xenopus oocytes and in vitro
phosphorylation of recombinant AQP2 reconstitued into proteliposomes
enhanced water permeability [50,51]. Although the effect in oocytes
may be partially explained by relocalization of AQP2 to oocyte mem-
brane, the proteoliposome experiments suggest a direct effect. Despite
the important role of Ser256 phosphorylation, there are several other
phosphorylation sites in the AQP2 C-terminus that may fine-tune the
AQP2 membrane abundance, with subsequent phosphorylation at
Ser269 enhancing apical membrane retention [52,53]. AQP2 phos-
phorylation at Ser261 and Ser264 were also decreased [54] and



A. Markou et al.

increased [55], respectively, by vasopression stimulation of Brattleboro
(vasopressin-null) rats. Their roles in AQP2 relocalisation are less well
understood but phosphorylation of Ser261 has been associated with
localisation in storage vesicles [54,56,57] while Ser264 has been pro-
posed to play a role in exosome excretion [55,58].

Anchoring of PKA by A-kinase-anchoring proteins (AKAPs) to AQP2-
containing vesicles has been suggested as a further regulatory mecha-
nism. AKAP220 bound to AQP2 in a yeast two-hybrid screen, and
overexpression of AKAP220 in the African green monkey COS-7 cell line
increased forskolin-induced phosphorylation of AQP2 [59]. AKAP18%
was present on immunoprecipitated AQP2-containing vesicles from rat
kidney tissue, as well as relocalising to the plasma membrane of cultured
primary rat inner medullary collecting duct cells in response to vaso-
pressin [60]. Broad spectrum AKAP inhibitors increased AQP2 phos-
phorylation and membrane localization independently of vasopressin in
the mouse collecting duct cell line mpkCCDc14 [61].

During the trafficking process, AQP2 interacts with a number of
cellular proteins in a phosphorylation-dependent manner including the
actin filaments [62]. AQP2 bound to G-actin in in vitro pulldown ex-
periments, and in live transfected Madin-Darby canine kidney (MDCK)
cells measured by fluorescence cross-correlation spectroscopy. The af-
finity of this interaction, measured by surface plasmon resonance, was
decreased by AQP2 phosphorylation. Phosphorylated AQP2 bound to
the actin filament-stabilising protein tropomysin-5b (TM5b) in similar
experiments, and in an in vitro actin filament stability assay, addition of
phosphorylated AQP2 prevented the stabilising effect of TM5b on actin
filaments, suggesting that phosphorylation of AQP2 indirectly affects
actin depolymerisation by sequestering TM5b [63]. Together, these data
suggest that phosphorlyation of AQP2 alters local actin dynamics by
altering the concentrations of G-actin and TM5b, in order to locally
disrupt the cortical actin network and provide a path to the membrane
for AQP2-bearing vesicles. Recently it has been suggested that the Arp2/
3 complex, which generates nucleation sites for actin filament branch-
ing, is required for AQP2 exit from the trans-Golgi network [64,65], but
the mechanism is not yet understood.

To summarise, the vasopressin-induced relocalisation of AQP2 to the
collecting duct apical membrane is dependent on phosphorylation at
Ser256 by PKA, which is likely tethered to AQP2-containing vesicles by
AKAPs, and requires local modulation of cortical actin dynamics.

1.4. AQP3

AQP3 is expressed in the kidney, digestive tract, erythrocytes, lym-
phocytes, macrophages, dendritic cells, and the skin [66,67]. When
expressed in polarized epithelia, AQP3 is primarily localised to the
basolateral membrane. In the canine kidney epithelial cell line MDCK,
this is mediated by a tyrosine-based and dileucine sorting motif (Tyr-
Arg-Leu-Leu, YRLL) [68]. Although both AQP3 and AQP4 are localised
to the basolateral membrane, they appear to be delivered to the plasma
membrane by mutually-exclusive post-Golgi vesicle pools [69].

Forskolin treatment of the prostate cancer cell line PC-3 led to
internalisation of AQP3, whereas overexpression of E-cadherin or
knockdown of the Ras superfamily small GTPase RalA led to trans-
location of AQP3 to the plasma membrane [70], although whether the
effect of forskolin was via RalA or direct PKA phosphorylation of either
AQP3 itself or proteins involved in its trafficking is not clear.

In the human colorectal cancer cell line Caco-2, AQP3 was relo-
calised to the plasma membrane in response to adrenaline. This was
blocked by inhibitors of protein kinase C (PKC) and phospholipase C
(PLC), and reproduced by the PKC activator PMA, suggesting a Gq/PLC/
PKC signal transduction pathway [71]. Whether AQP3 itself was the
direct target of PKC was not investigated.

In the mouse 3 T3-L1 cell line differentiated into adipocytes, AQP3
was relocalised to the plasma membrane in response to the p-adrenergic
agonist isoproterenol with no effect on AQP3 gene expression. This
relocalisation was prevented by inhibition of phosphatidylinositol 3-
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kinase (PI3K) inhibition with wortmannin or mammalian target of
rapamycin (mTOR) inhibition with rapamycin [72].

Overall, the subcellular localisation of AQP3 appears to be under the
control of several signalling pathways including PKA, PKC, and PI3K/
Akt/mTOR, but the molecular details are yet to be investigated.

1.5. AQP4

AQP4 is expressed in astrocytes in the central nervous system (CNS),
the kidney, skeletal muscle, and in the digestive tract. AQP4 has a
distinct basolateral localisation in many types of epithelial cell,
including in the renal proximal tubule, the trachea, and in parietal cells
of the stomach [73,74]. AQP4 membrane expression in astrocytes is
polarized to the endfeet (astrocyte processes in contact with the endo-
thelial or pericyte basement membrane at the blood-brain barrier; BBB)
and to a subset of astrocyte processes (that form tripartite synapses
[75]). In the endfoot membrane, AQP4 can aggregate into large supra-
molecular arrays, known as orthogonal arrays of particles (OAPs) [76].
The two major AQP4 isoforms (M1 and M23, named from the position of
the initiating methionine residue) differ in their OAP-forming ability,
with two palmitoylated cysteine residues in the N-terminus of M1 ste-
rically hindering OAP formation [77].

The regulation of AQP4 has been well-studied. In Xenopus oocytes
transfected with rat AQP4, the AQP4-dependent water permeability was
decreased by PKC activators, and 32P labelling of mouse brain lysate in
the presence of PKC activators suggested that AQP4 was phosphorylated
downstream of PKC activation (although this experiment was not
designed to distinguish between direct or indirect phosphorylation by
PKQ). This study did not investigate the subcellular localisation of AQP4
[78]. Vasopressin stimulation of Xenopus oocytes co-transfected with rat
AQP4-M23 and the human Vla vasopressin receptor (V1aR) led to
internalisation of AQP4, which was recapitulated with the PKC activator
phorbol 12-myristate 13-acetate (PMA). Mutation of the putative PKC
site Ser180 to alanine only partially reduced this response [79], sug-
gesting the involvement of either other PKC sites on AQP4, or other PKC
target proteins. In the porcine kidney epithelial cell line LLC-PK1, both
dopamine and the PKC activator PDBu slightly reduced plasma mem-
brane water permeability following transfection of mouse GFP-AQP4-
M23. This effect was abolished after Ser180Ala mutation, suggesting a
role for phosphorylation of Ser180 by PKC in this effect, although
quantification of AQP4 plasma membrane localisation was not shown in
this study [80]. Molecular dynamics simulation of rat AQP4 did not find
any differences in water permeability between p-Ser180 and non-
phosphorylated AQP4 [81], although this study relied on an in silico
prediction of the structure of the 69aa C-terminal tail of AQP4 with no
experimental validation.

In HGT-1 human gastric cancer cells, histamine stimulation induced
internalisation of transfected rat VSV-AQP1-M1, which was followed by
PKA-mediated phosphorylation of AQP4. This phosphorylation
appeared to prime AQP4 for return to the membrane upon washout of
histamine [82]. In AQP4-transfected MDCK cell lysates, recombinant
casein kinase (CK)II could phosphorylate AQP4, and the phosphomi-
metic Ser276Asp mutation increased the rate of protein degradation, but
not internalisation, with the Ser276Asp protein targeted to the lysosome
[83].

The membrane water permeability of an SV40-immortalised rat
astrocyte cell line transfected with mouse GFP-AQP4-M23 was increased
in response to treatment with lead in a manner dependent on Ca%*/CaM-
dependent protein kinase (CaMK) II, which the authors proposed as an
explanation for brain edema following acute lead intoxication [84]. The
same group later demonstrated that glutamate treatment of primary rat
astrocytes, rat hippocampal slices, or immortalised astrocytes trans-
fected with mouse GFP-AQP4-M23, increased membrane water perme-
ability by 40%. Mutation of Ser111 to alanine abolished the response to
glutamate, although the basal level of water permeability was consid-
erably increased for the Ser111Ala mutant. PKG but not CaMKII was
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able to phosphorylate a 28-residue mouse AQP4 peptide centred on
Ser111, which was abolished by Serl11Ala mutation, suggesting a
CaMKII-PKG signalling pathway [85]. AQP4 plasma membrane local-
isation was not quantified in these studies, and molecular dynamics
simulation of human AQP4 found no permeability differences between
phosphoSer111 and non-phosphorylated AQP4 [86], suggesting that
changes in AQP4 localisation could explain these data. Treatment of rat
astrocytes with manganese increased the plasma membrane abundance
of AQP4 without affecting AQP4 mRNA or protein levels in a manner
dependent on extracellular signal-regulated kinase (ERK)1/2 and p38-
MAPK activation [87]. A minor reduction in extracellular pH from 7.5
to 7.1 by either lactic acid, hydrochloric acid, or acetic acid increased
the plasma membrane abundance of endogenous AQP4 in primary rat
astrocytes by 3-fold after 12 h [88]. This highlights the need for careful
cell culture, as such pH changes can easily happen in cell culture ex-
periments if medium is not replenished promptly (medium pH will
decrease over time as a result of cell metabolism) or care is not taken
with vehicle controls for drugs dissolved in strong acid/base.

AQP4 contains a consensus PDZ-binding motif (SerSerVal) at the C-
terminus, and knockout of the PDZ-containing adaptor protein o-syn-
trophin reduced the BBB polarization of AQP4 in mouse brain [89], as
did knockout of dystrophins [90], and the specific dystrophin isoform
Dp71 [91]. Dystrophins and syntrophins are key components of the
dystrophin-associated protein complex (DAPC), a multi-component
membrane scaffolding complex that is crucial for anchoring mem-
brane proteins to the extracellular matrix (ECM) at the BBB [92]. Several
extracellular proteins reduced the rate of internalisation of endogenous
AQP4 in cultured rodent astrocytes, including agrin [93], and laminin.
In the case of laminin, this may be due to induction of preferential
binding of the DAPC to inactive dynamin, locally reducing the rate of
clathrin-mediated endocytosis [94].

We recently found that plasma membrane localisation of AQP4 in
astrocytes was increased by cell swelling induced by either extracellular
hypotonicity or hypoxia, and that this was dependent on TRP channel
activation, PKA phosphorylation of AQP4 at Ser276 and direct binding
of CaM to an amphipathic helix in the AQP4 C-terminal tail, in both
primary human astrocytes and HEK293 cells [6], and independent of
total AQP4 expression [6,95]. Interestingly, several other AQPs appear
to be trafficked in a calcium-dependent manner but by unknown mo-
lecular mechanisms (see section above on AQP1 and below on AQP5),
and both AQPO [20] and AQP6 [96] have been shown to bind CaM
directly (leading to channel gating in the case of AQP0), suggesting a
possible role for CaM in the regulation of other AQPs. There is also clear
cell-type (and possibly species) differences in AQP4 membrane local-
isation, as it has previously been shown that in MDCK cells, phosphor-
ylation at Ser276 had no effect on AQP4 plasma membrane abundance,
and targeted the protein to the lysosome [83].

Overall, AQP4 subcellular localization can be modulated by several
protein kinases (PKC, PKA, PKG, ERK, p38-MAPK), by activation of TRP
channels, by indirect interaction with the ECM, and by direct binding of
CaM. Some studies have suggested that phosphorylation can alter the
single-channel permeability of AQP4, but molecular dynamics simula-
tions do not support this hypothesis.

1.6. AQP5

AQP5 is primarily expressed in the sweat, lacrimal, and salivary
glands, and in the lungs. Loss of AQP5 expression or membrane local-
isation is associated with dry mouth and dry eye, especially in the
autoimmune condition Sjogren's syndrome [97].

Acetylcholine treatment of rat parotid (salivary gland) tissue was
reported to cause a transient increase in AQP5 apical membrane local-
isation, signalling through the M3 muscarinic receptor, and depending
on calcium release from intracellular stores [98]. Similarly, adrenaline
caused a transient increase in AQP5 apical membrane localisation in rat
parotid tissue, signalling through the a1 acetylcholine receptor [99]. In
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human salivary gland cells transfected with rat AQP5, increased AQP5
membrane localisation was reported following elevation of intracellular
calcium with the sarco/endoplasmic reticulum Ca?*-ATPase inhibitor
thapsigargin, or the calcium ionophore A-23187. This relocalisation was
blocked by the microtubule polymerisation inhibitors colchicine and
vinblastine [100].

AQPS5 was reported to co-localize with the caveolae-associated pro-
tein flotillin-2 in rat parotid gland tissue, with flotillin-2 also relocalising
to the plasma membrane in response to an a1 receptor agonist [101]. In
parotid cells isolated from caveolin-1 knockout mice, AQP5 was unable
to relocalise in response to al receptor agonist, attributed to a loss of
interaction between TRPC1, the calcium-sensor STIM1, and the calcium
release-activated calcium channel ORAIL. It is not yet clear exactly how
elevated intracellular calcium ion levels lead to membrane trafficking of
AQPS5. Interestingly, we found a role for the calcium ion-sensor protein
CaM in the hypotonicity-induced relocalisation of AQP1 [37] and AQP4
[102], and recently showed that CaM binds directly to the AQP4 C-
terminus [6]. Both AQPO [20] and AQP6 [96] can bind CaM directly, so
this may be an unexplored mechanism by which AQP5 is targeted to the
plasma membrane.

We reported that hypotonicity, phosphomimetic mutation of Ser156
(Ser156Glu) and PKA inhibition with H-89 all increased plasma mem-
brane localisation of human AQP5-GFP in HEK293 cells independently
of one another, suggesting that there are at least three distinct pathways
controlling AQP5 membrane localisation in HEK293 cells [103]. In
agreement with our study, PKA inhibition by H-89 in MDCK cells
transfected with rat GFP-AQP5 caused increased apical membrane
localisation [104]. Interestingly, an almost identical study, again using
rat GFP-AQP5 transfected into MDCK cells, found an opposite effect —
that activation of PKA with dibutyryl-cAMP caused no short-term
change in AQP5 membrane abundance, but a long-term (18-24 h)
increased membrane abundance of AQPS5, that could be inhibited with
H-89 [105]. The latter study used subconfluent MDCK cells cultured on
glass (which would not be expected to develop apicobasal polarity),
whereas the former study used confluent MDCK cells on polycarbonate
filters (MDCK cells develop apicobasal polarity under these conditions)
and specifically measured apical membrane localisation. In agreement
with this long-term increase, AQP5 membrane abundance in cultured
mouse and human airway epithelial cells was increased at 8 and 24 h
after 8-(4-chlorophenylthio)-cAMP (pCPT-cAMP) stimulation, but
decreased after 30 min [106,107]. This latter finding agrees with the
aforementioned studies that found increased AQP5 membrane abun-
dance following PKA inhibition.

Experiments using rat parotid gland tissue slices found that hypo-
tonicity and the al-adrenergic agonist phenylephrine increased AQP5
apical membrane abundance independently of one another, with only
the hypotonicity-induced increase (and not the al-adrenergic pathway)
abolished by the TRP channel blocker ruthenium red [108], suggesting a
requirement for TRP channel activity in the hypotonicity-induced
relocalisation of AQPS5, similarly to AQP1 in HEK293 cells [37] and
AQP4 in primary human astrocytes [6].

Overall, AQPS5 subcellular localization can be modulated by PKA, by
activation of TRP channels, and by intracellular calcium signalling.

1.7. AQP6

AQP6 is expressed in renal epithelia and localizes to intracellular
membranes [109]. Unlike other aquaporins, AQP6 is an anion trans-
porter (transporting NOs ™, I, Br~, and Cl™ [110]), that can be con-
verted into a water conducting pore by a single amino acid substitution
[111], and the permeability to both water and anions of mouse AQP6
were increased by low pH [112]. However, it is still unclear whether the
main function of AQP6 is transport of water, anions or both. Although
the molecular mechanisms of AQP6 intracellular retention are not
completely understood, addition of GFP or HA tags to the N-terminus of
rat AQP6 caused plasma membrane localisation in confluent MDCK
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cells, whereas C-terminally tagged and untagged AQP6 were retained in
intracellular membranes. A chimera protein containing the N-terminus
of AQP1 fused to the transmembrane and C-terminal domains of AQP6
localised to the plasma membrane, and the inverse chimera containing
the N-terminus of AQP6 fused to AQP1 was retained intracellularly
whereas wild-type AQP1 was localised to the plasma membrane [113].
Together this data suggests the presence of an intracellular retention
signal in the AQP6 N-terminus. In Xenopus oocytes, rat AQP6 is localised
to the plasma membrane [114], suggesting cell- or species-specific dif-
ferences in intracellular retention.

Overall, although it is established that AQP6 can transport anions
and localize to intracellular membranes, the physiology and molecular
biology of this remains almost completely unexplored.

1.8. AQP7

AQP?7 is an aquaglyceroporin, permeable to water, glycerol and urea
[115]. AQP?7 is expressed in various organs including liver, kidney, male
reproductive system, and cardiac muscle [116]. Additionally, it was
shown to be expressed in murine and human white and brown adipose
tissues, where it was revealed to play a significant role in glycerol efflux
[117].

Knockout of AQP7 in mice has been shown to result in adipocyte
hypertrophy leading to adult-onset obesity [118], likely due to increased
glycerol and triglyceride accumulation [116]. This effect is not seen in
humans with AQP7 loss-of-function mutation [119], probably due to the
ability of adipocyte AQP10 to compensate for the loss of AQP7 (Agp10is
a pseudogene in mouse) [120]. In mouse adipose tissue, norepinephrine
stimulation as well as forskolin were reported to cause internalisation of
AQP7 [121], and live cell imaging of 3 T3-L1 adipocytes transfected
with AQP7-EGFP supported this conclusion. Interestingly, this study
found considerable differences in AQP7 subcellular localization when
tissue was fixed with trichloroacetic acid compared to formaldehyde.
Fixation methods are rarely compared in studies of AQP localization;
these data indicate that this is a key experimental detail to consider. In
contrast, short-term treatment of primary human adipocytes with
isoproterenol was reported to cause translocation of AQP7 to the plasma
membrane without changes in expression, whereas long-term stimula-
tion also reduced protein expression [72]. In agreement with this
finding, AQP7 was reported to translocate to the plasma membrane after
3 h isoproterenol treatment in 3 T3-L1 adipocytes, measured by
immunocytochemistry [122].

AQP7 has been shown to bind perilipin 1 (PLIN1), a lipid droplet
surface protein that has been shown to protects droplets from lipase
activity [123]. Recombinant human AQP7 expressed in Pichia pastoris
was able to pull down PLIN1 from human adipose tissue lysate, and in
dot blots, purified AQP7 was able to bind PLIN1 from PLIN-1 expressing
E.coli cell lysate in a manner dependent on both the N- and C-termini of
AQP7. Recombinant PKA was able to phosphorylate recombinant AQP7,
with the S10A/T11A double mutation abolishing phosphorylation, and
phosphorylated AQP7 bound less PLIN1 in dot blots. AQP7 and PLIN1
were colocalised in primary human astrocytes as shown by proximity
ligation assay, with the extent of colocalization reduced following
lipolytic (isoprenaline) stimulation [124]. This suggests a model of
AQP7 regulation whereby phosphorylation of AQP7 in the N-terminus
by PKA releases AQP7 from PLIN1-mediated tethering to the lipid
droplets, allowing translocation to the plasma membrane.

In summary, AQP7 subcellular localization in adipocytes is under the
control of lipolytic stimuli via PKA, and facilitates the release of
lipolysis-derived glycerol.

1.9. AQP8
AQP8 can be localised to both plasma and intracellular membranes,

including the inner mitochondrial membrane [125]. It is expressed in
kidney, liver, pancreas, colon, trachea and testis [126], and is permeable
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to water, ammonia, hydrogen peroxide, and possibly urea, although
there may be species-specific differences in urea permeability due to
differences in pore-lining residues [127].

AQP8 subcellular localisation has been studied most extensively in
hepatocytes, where it may be important for bile formation. In isolated
primary rat hepatocytes, approximately 25% of the total AQP8 pool was
localised to the plasma membrane under basal (unstimulated) condi-
tions, measured by immunofluorescence and membrane fractionation by
density gradient centrifugation, approximately doubling to 60%
following stimulation with dibutyryl-cAMP in one study [128], and
increasing by approximately fourfold in another [129]. This effect was
recapitulated by stimulation with glucagon, a known inducer of bile
secretion, which also increased plasma membrane water permeability in
proportion to the increased AQP8 plasma membrane localisation [130].
Relocalisation of AQP8 was prevented by inhibition of PKA with H-89 or
myristoylated protein kinase inhibitor peptide (myr-PKI) [130], and by
inhibition of phosphoinositide 3-kinase (PI3K) with wortmannin or
LY294002 [131]. However, the exact mechanism remains unclear since
AQP8 lacks a consensus PKA phosphorylation site [132].

To summarise, AQP8 localisation in the liver is under the control of
PKA and PI3K signalling, but its subcellular localisation in other tissues
remains largely unexplored.

1.10. AQP9

AQP9, an aquaglyceroporin, is expressed in hepatocytes, epididymal
cells [133] and several types of immune cell such as neutrophils, mac-
rophages and lymphocytes [67]. In the rodent CNS, AQP9 is expressed in
astrocytes, catecholaminergic neurons and endothelial cells of pial
vessels [134,135], although CNS expression may be more restricted in
humans [136]. AQP9 is permeable to glycerol and lactic acid [137], and
thus it has been hypothesized that it has a role in brain energy meta-
bolism in addition to water homeostasis [138]. In murine primary he-
patocyte culture, AQP9 knockout reduced the glucose output from the
liver when using glycerol as a substrate, suggesting that AQP9 facilitates
glycerol uptake for gluconeogenesis [139,140]. In perfused rat epidid-
ymal tubules, AQP9-dependent glycerol-induced epididymal cell
swelling was regulated by cAMP, although the role of AQP9 localization
in this regulation was not explored [141].

In mouse neutrophils and the human HL60 acute promyleocytic
leukaemia cell line, exposure to a chemotactic gradient caused human
EGFP-AQP?9 to translocate to the leading edge of the cell, and Ser11Ala
mutation prevented this translocation [142]. AQP9 phosphorylation
was induced by the PKC activator PMA, and recombinant PKC was able
to phosphorylate EGFP-AQP9 in vitro, with a stronger >2P signal for
wild-type AQP9 compared to the Serl1Ala mutant [143]. Altogether,
this suggests that AQP9 translocation in neutrophils is mediated by
direct PKC phosphorylation at Ser11.

Overall, AQP9 localisation may be regulated by PKA and PKC, but
the molecular details remain to be elucidated.

1.11. AQP10

AQP10 is an aquaglyceroporin, and is expressed in fat and the
gastrointestinal tract. The molecular details of the regulation of lipolysis
and glycerol flux are not well understood; however, AQP trafficking is
suspected to play a key role [122,144]. In addition to the highly abun-
dant AQP7 in human adipocytes, AQP10 has been shown as an alter-
native pathway for glycerol efflux [122]. Interestingly, AQP10 is not
expressed in mice where it is a pseudogene [145], which may explain the
difference in phenotype between AQP7/~ mice and AQP7 loss of
function mutations in humans [122]. Human AQP10 was reported to be
glycerol-impermeable at pH 7.4, with glycerol permeability induced by
intracellular acidification, mediated by protonation of an intracellular
histidine residue (H80), based on experiments with human adipose
tissue-derived membrane vesicles and recombinant human AQP10
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reconstitued into PDMS-PMOXA polymersomes [146]. In contrast, other
studies have reported robust glycerol permeability of AQP10 in human
adipocyte-derived membrane vesicles at pH 7.4 [122], Xenopus oocytes
overexpressing human AQP10 cultured at pH 7.4 [147], proteolipo-
somes containing recombinant human AQP10 at pH 8.0 [148], and
HEK293 cells overexpressing human AQP10-GFP cultured at pH 7.4
[149]. Glycosylation has been shown to affect the thermostability of
recombinant human AQP10 [148]. Whether glycosylation has any affect
on the subcellular loclaisation of AQP10, or indeed any other AQP, re-
mains to be investigated. Insulin treatment of cultured human adipo-
cytes increased AQP10 (and also AQP7) localisation in the vicinity of
lipid droplets, whereas isoproterenol (a f-adrenergic agonist) treatment
increased the abundance of AQP10 in the plasma membrane [122]. This
suggests a similar trafficking mechanism for AQP10 in adipocytes as
previously demonstrated for AQP7 [72] with internalisation driven by
lipogenic stimuli, and relocalisation to the plasma membrane driven by
lipolytic stimuli.

Some studies have suggested that AQP10 is integrated directly into
the lipid droplet membrane. The physicochemical properties of the lipid
droplet membrane are considerably different from the plasma mem-
brane and most other intracellular membrane compartments. Whereas
most membranes are composed of a phospholipid bilayer with a hy-
drophilic environment either side, the lipid droplet membrane consists
of a phospholipid monolayer with a hydrophilic environment on one
side (cytosol) and a hydrophobic environment on the other side (lipid
droplet interior). As polytopic transmembrane proteins, aquaporins
have hydrophilic intracellular and extracellular domains (i.e. the N- and
C-termini and intra- and extracellular loops). It is therefore difficult to
imagine how such a protein could be stably inserted into the lipid
droplet membrane. In our view it is more likely that AQP10 is localised
to the membranes of vesicles in the vicinity of the lipid droplet.
Immunofluorescence data support this view (see for example Fig. 4 in
Miyauchi et al. [121]), although revisiting this question using new de-
velopments in super-resolution or expansion microscopy could help to
unequivocally resolve this. Exactly how localisation of an aqua-
glyceroporin to peri-droplet vesicles would alter lipid droplet glycerol
dynamics is unclear. One possibility is that by sequestering released
glycerol into peri-droplet vesicles, the concentration gradient for glyc-
erol diffusion out of the lipid droplet is maintained. Alternatively, it may
simply be that peri-droplet localisation sequesters the AQP away from
the plasma membrane and recycling pools.

To summarise, AQP10 localisation in adipocytes is under the control
of lipolytic and lipogenic stimuli, but the molecular details remain to be
established, and the subcellular localisation of AQP10 in other tissues is
not well understood.

1.12. AQP11

AQP11, along with AQP12 form a sub-family of ‘superaquaporins’
that display very low sequence homology to other aquaporins and are
primarily localised to the membranes of intracellular organelles instead
of the plasma membrane [150].

AQP11 is localised primarily to the endoplasmic reticulum (ER)
membrane, although a small proportion of the AQP11 pool may reach
the plasma membrane in some cell types [151,152]. It is hydrogen
peroxide permeable [152,153], and may be water and glycerol perme-
able [152], although different expression systems give conflicting results
[154]. AQP11 is expressed in kidney, liver, testes, brain, and fat
[152,154], and AQP11 knockout mice die 1 month after birth with
polycystic kidneys, possibly caused by ER dysfunction [155]. AQP11 is
localised to the plasma membrane when overexpressed in Xenopus oo-
cytes [154], suggesting that the intracellular retention signal(s) may not
be active in these cells. Little is known about the molecular basis of the
intracellular retention or plasma membrane trafficking of AQP11.
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1.13. AQPI12

AQP12 is expressed in the intestine, pancreas, stomach, and tongue
in human, mouse, rat and chicken as well as in the pancreas for all
species except rat [156]. Under normal conditions AQP12 localizes to
the basal side of the intracellular organelles of pancreatic acinar cells,
mainly to the rough ER membrane, and to the zymogen granules near
the ER. Following careluein-induced acute pancreatitis rat AQP12 was
localised more to the apical side of the cells [157]. The trafficking,
localization, function, and regulation of AQP12 remain largely unclear.

2. Summary

Regulation of AQP function by subcellular relocalisation is a ubiq-
uitous regulatory mechanism across the mammalian AQP family. This
phenomenon is relatively well-studied for AQPO-5, whereas there is
comparatively little information available in the literature on subcellu-
lar relocalisation of AQP6-12. Given that the study of AQP0-5 relocal-
isation has led to identification of many components of the underlying
molecular machinery and hence new drug targets, we encourage the
field to further investigate the subcellular localisation of AQP6-12,
which may lead to the identification of novel drug targets for pathol-
ogies associated with these AQPs.

Although many AQPs in a variety of cell types have been shown to
either translocate to the plasma membrane or be internalised upon ki-
nase activation, it is often not clear whether the AQP is the direct target
of the kinase. We therefore propose that when AQP localisation exper-
iments indicate the involvement of a kinase, they should be routinely
supplemented with experiments using phospho-proteomic approaches,
mutation of putative kinase sites on the AQP, in vitro phosphorylation
assays with purified kinase, or phospho-specific antibodies.

We also note that many studies of AQP subcellular localisation are
done using an AQP c¢DNA from one species transfected into cells of
another species (e.g. rat AQP4 transfected into human cells, or AQPs
from a variety of species transfected into the canine MDCK cell line).
There are species-specific differences in AQP sequences which may
impact localisation and function. For example, phosphorylation of AQP4
at Ser315 can be detected by mass spectrometry of rat [158] and mouse
[159] brain samples, but this phosphorylation site is not conserved in
human AQP4 (residue 315 is a glutamine). Therefore, studies in which
rodent AQP4 is transfected into human cells is subject to potential ar-
tefacts due to phosphorylation at Ser315 which is not possible for human
APQ4. We strongly recommend that AQP localisation studies are done
using cDNA clones from the same species as the expression system, and
that where possible, key findings are replicated for the endogenous AQP
in appropriate primary cells or tissue.

Various AQPs have polarized distribution in vivo that can be difficult
to accurately reproduce in culture. Recent advances in 3-dimensional
cell culture, in particular organoid and organ-on-a-chip co-culture
models, may go some way towards bridging the gap between simple 2-
dimensional cell monocultures and the complex 3-dimensional organi-
sation of real tissues [160,161]. How AQP function might be quantified
in such models is a challenging problem that is yet to be addressed.

We have recently shown that CaM binds AQP4, and CaM can also
bind to both AQP0 and AQP6. Several other AQPs are also relocalised in
a calcium and/or CaM-dependent manner (AQP1, AQP5), but by an
unknown molecular mechanism, suggesting that CaM binding may be a
mechanism by which AQP function can be coupled to calcium signalling
across the AQP family more broadly.

AQPs support a wide range of physiological and pathophysiological
processes. Yet, there is no water-channel-blocking drugs for any AQP
have been approved for use in humans [162,163]. Understanding their
regulation is likely to lead to new drug targets for a variety of pathol-
ogies [164,165], as well improving understanding of cellular, organ, and
organism-level water and solute homeostasis.



A. Markou et al.
Funding

This work was supported by Aston University through a 50th Anni-
versary Prize fellowship to PK and a PhD studentship to AM. RMB, ACC
and PK were supported by the Biotechnology & Biosciences Research
Council (BB/P025927/1). LU is supported by the European Union'‘s
Horizon 2020 research and innovation programme under Marie Skto-
dowska Curie grant agreement No. 847,419 (MemTrain). MA is sup-
ported by a studentship co-funded by Aston University and the UK
Engineering and Physical Sciences Research Council (EP/R512889/1) to
RMB. AS is supported by a studentship from the Iraqi Ministry of Higher
Education and Scientific Research and the University of Mosul. AH was
supported by a studentship from Spinal Research. STH is supported by
the Swedish Research Council (2013-05945), the Crafoord Foundation
(20140811 and 20180916) and the Magnus Bergvall Foundation (2015-
01534).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] J.M. Sands, M.A. Blount, J.D. Klein, Regulation of renal urea transport by
vasopressin, Trans. Am. Clin. Climatol. Assoc. 122 (2011) 82-92.

[2] W. Su, et al., Aquaporins in the kidney: physiology and pathophysiology, Am. J.
Physiol. Renal Physiol. 318 (1) (2020) F193-F203.

[3] B.K. Owler, T. Pitham, D. Wang, Aquaporins: relevance to cerebrospinal fluid
physiology and therapeutic potential in hydrocephalus, Cerebrospinal Fluid Res.
7 (2010) 15.

[4] H. Mestre, et al., Aquaporin-4-dependent glymphatic solute transport in the
rodent brain, elife 7 (2018).

[5] H. Kuriyama, et al., Coordinated regulation of fat-specific and liver-specific
glycerol channels, aquaporin adipose and aquaporin 9, Diabetes 51 (10) (2002)
2915-2921.

[6] P. Kitchen, et al., Targeting aquaporin-4 subcellular localization to treat central
nervous system edema, Cell 181 (4) (2020) 784-799, el9.

[7]1 S. Saadoun, M. Papadopoulos, Aquaporin-4 in brain and spinal cord oedema,
Neuroscience 168 (4) (2010) 1036-1046.

[8] N.J. Sylvain, et al., The effects of trifluoperazine on brain edema, aquaporin-4
expression, and metabolic markers during the acute phase of stroke using
photothrombotic mouse model, Biochim. Biophys. Acta (BBA)-Biomembr. 1863
(5) (2021), 183573.

[9] M.L. De Ieso, A.J. Yool, Mechanisms of aquaporin-facilitated cancer invasion and
metastasis, Front. Chem. 6 (2018) 135.

[10] C. Gao, P.J. Higgins, W. Zhang, AQP2: mutations associated with congenital
nephrogenic diabetes insipidus and regulation by post-translational modifications
and protein-protein interactions, Cells 9 (10) (2020).

[11] J.J. Lliff, et al., A paravascular pathway facilitates CSF flow through the brain
parenchyma and the clearance of interstitial solutes, including amyloid p, Sci.
Transl. Med. 4 (147) (2012), p. 147ral11-147ralll.

[12] M.M. Salman, et al., Transcriptome analysis suggests a role for the differential
expression of cerebral aquaporins and the MAPK signalling pathway in human
temporal lobe epilepsy, Eur. J. Neurosci. 46 (5) (2017) 2121-2132.

[13] D.K. Binder, et al., Increased seizure duration and slowed potassium kinetics in
mice lacking aquaporin-4 water channels, Glia 53 (6) (2006) 631-636.

[14] L.B. Shi, W.R. Skach, A.S. Verkman, Functional independence of monomeric
CHIP28 water channels revealed by expression of wild-type mutant heterodimers,
J. Biol. Chem. 269 (14) (1994) 10417-10422.

[15] S. Tornroth-Horsefield, et al., Structural insights into eukaryotic aquaporin
regulation, FEBS Lett. 584 (12) (2010) 2580-2588.

[16] S.E.Leney, J.M. Tavare, The molecular basis of insulin-stimulated glucose uptake:
signalling, trafficking and potential drug targets, J. Endocrinol. 203 (1) (2009)
1-18.

[17] C. Maurel, et al., Aquaporins in plants, Physiol. Rev. 95 (4) (2015) 1321-1358.

[18] A. Frick, M. Jarva, S. Tornroth-Horsefield, Structural basis for pH gating of plant
aquaporins, FEBS Lett. 587 (7) (2013) 989-993.

[19] K.L. Nemeth-Cahalan, J.E. Hall, pH and calcium regulate the water permeability
of aquaporin 0, J. Biol. Chem. 275 (10) (2000) 6777-6782.

[20] S.L. Reichow, T. Gonen, Noncanonical binding of calmodulin to aquaporin-0:
implications for channel regulation, Structure 16 (9) (2008) 1389-1398.

[21] S.L. Reichow, et al., Allosteric mechanism of water-channel gating by Ca2+-
calmodulin, Nat. Struct. Mol. Biol. 20 (9) (2013) 1085-1092.

[22] K. Kalman, et al., Phosphorylation determines the calmodulin-mediated Ca2+
response and water permeability of AQPO, J. Biol. Chem. 283 (30) (2008)
21278-21283.

[23]
[24]

[25]

[26]

[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

BBA - Biomembranes 1864 (2022) 183853

J.B. Fields, et al., Calmodulin gates aquaporin 0 permeability through a positively
charged cytoplasmic loop, J. Biol. Chem. 292 (1) (2017) 185-195.

M.G. Gold, et al., AKAP2 anchors PKA with aquaporin-0 to support ocular lens
transparency, EMBO Mol. Med. 4 (1) (2012) 15-26.

M.A. Wride, Lens fibre cell differentiation and organelle loss: many paths lead to
clarity, Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 366 (1568) (2011)
1219-1233.

N. Golestaneh, et al., PKC putative phosphorylation site Ser235 is required for
MIP/AQPO translocation to the plasma membrane, Mol. Vis. 14 (2008)
1006-1014.

L.S. King, D. Kozono, P. Agre, From structure to disease: the evolving tale of
aquaporin biology, Nat. Rev. Mol. Cell Biol. 5 (9) (2004) 687-698.

T.L. Anthony, et al., Cloned human aquaporin-1 is a cyclic GMP-gated ion
channel, Mol. Pharmacol. 57 (3) (2000) 576-588.

G.M. Preston, et al., Appearance of water channels in xenopus oocytes expressing
red cell CHIP28 protein, Science 256 (5055) (1992) 385-387.

G. Benga, et al., P-(Chloromercuri)benzenesulfonate binding by membrane
proteins and the inhibition of water transport in human erythrocytes,
Biochemistry 25 (7) (1986) 1535-1538.

J. Yu, et al., Mechanism of gating and ion conductivity of a possible tetrameric
pore in aquaporin-1, Structure 14 (9) (2006) 1411-1423.

E.M. Campbell, D.N. Birdsell, A.J. Yool, 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 (1) (2012) 97-105.

M. Kourghi, et al., 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 (2018) 142.

P. Kitchen, et al., Structural determinants of oligomerization of the aquaporin-4
channel, J. Biol. Chem. 291 (13) (2016) 6858-6871.

W. Zhang, et al., Aquaporin-1 channel function is positively regulated by protein
kinase C, J. Biol. Chem. 282 (29) (2007) 20933-20940.

M.T. Conner, et al., Membrane trafficking of aquaporin 1 is mediated by protein
kinase C via microtubules and regulated by tonicity, Biochemistry 49 (5) (2010)
821-823.

M.T. Conner, et al., Rapid aquaporin translocation regulates cellular water flow:
mechanism of hypotonicity-induced subcellular localization of aquaporin 1 water
channel, J. Biol. Chem. 287 (14) (2012) 11516-11525.

Z. Han, R.V. Patil, Protein kinase A-dependent phosphorylation of aquaporin-1,
Biochem. Biophys. Res. Commun. 273 (1) (2000) 328-332.

A. Kato, G.J. Gores, N.F. LaRusso, Secretin stimulates exocytosis in isolated bile
duct epithelial cells by a cyclic AMP-mediated mechanism, J. Biol. Chem. 267
(22) (1992) 15523-15529.

R.A. Marinelli, et al., Secretin promotes osmotic water transport in rat
cholangiocytes by increasing aquaporin-1 water channels in plasma membrane.
Evidence for a secretin-induced vesicular translocation of aquaporin-1, J. Biol.
Chem. 272 (20) (1997) 12984-12988.

P.S. Tietz, et al., Cytoskeletal and motor proteins facilitate trafficking of AQP1-
containing vesicles in cholangiocytes, Biol. Cell. 98 (1) (2006) 43-52.

Y. Jiang, et al., Aquaporin 1 mediates early responses to osmotic stimuli in
endothelial cells via the calmodulin pathway, FEBS Open Bio 11 (1) (2021)
75-84.

S. Nielsen, et al., Cellular and subcellular immunolocalization of vasopressin-
regulated water channel in rat kidney, Proc. Natl. Acad. Sci. U. S. A. 90 (24)
(1993) 11663-11667.

D. Marples, et al., Redistribution of aquaporin-2 water channels induced by
vasopressin in rat kidney inner medullary collecting duct, Am. J. Phys. 269 (3 Pt
1) (1995) C655-C664.

T. Vukicevic, et al., The trafficking of the water channel aquaporin-2 in renal
principal cells-a potential target for pharmacological intervention in
cardiovascular diseases, Front. Pharmacol. 7 (2016) 23.

E.T.B. Olesen, R.A. Fenton, Aquaporin 2 regulation: implications for water
balance and polycystic kidney diseases, Nat. Rev. Nephrol. 17 (2021) 765-781.
P.I. Nedvetsky, et al., Regulation of aquaporin-2 trafficking, in: Handb Exp
Pharmacol 190, 2009, pp. 133-157.

G. Nishimoto, et al., Arginine vasopressin stimulates phosphorylation of
aquaporin-2 in rat renal tissue, Am. J. Phys. 276 (2) (1999) F254-F259.

E.J. Kamsteeg, et al., The subcellular localization of an aquaporin-2 tetramer
depends on the stoichiometry of phosphorylated and nonphosphorylated
monomers, J. Cell Biol. 151 (4) (2000) 919-930.

K. Eto, et al., Phosphorylation of aquaporin-2 regulates its water permeability,
J. Biol. Chem. 285 (52) (2010) 40777-40784.

M. Kuwahara, et al., cAMP-dependent phosphorylation stimulates water
permeability of aquaporin-collecting duct water channel protein expressed in
xenopus oocytes, J. Biol. Chem. 270 (18) (1995) 10384-10387.

J.D. Hoffert, et al., Vasopressin-stimulated increase in phosphorylation at Ser269
potentiates plasma membrane retention of aquaporin-2, J. Biol. Chem. 283 (36)
(2008) 24617-24627.

H.B. Moeller, M.A. Knepper, R.A. Fenton, Serine 269 phosphorylated aquaporin-2
is targeted to the apical membrane of collecting duct principal cells, Kidney Int.
75 (3) (2009) 295-303.

J.D. Hoffert, et al., Dynamics of aquaporin-2 serine-261 phosphorylation in
response to short-term vasopressin treatment in collecting duct, Am J Physiol
Renal Physiol 292 (2) (2007) F691-F700.

R.A. Fenton, et al., Acute regulation of aquaporin-2 phosphorylation at Ser-264
by vasopressin, Proc. Natl. Acad. Sci. U. S. A. 105 (8) (2008) 3134-3139.


http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137187855
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137187855
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137264425
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137264425
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137306359
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137306359
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137306359
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137328469
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137328469
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137350928
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137350928
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137350928
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290134408003
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290134408003
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290134433721
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290134433721
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138024358
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138024358
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138024358
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138024358
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290134540398
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290134540398
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138120750
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138120750
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138120750
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135126201
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135126201
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135126201
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138211927
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138211927
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138211927
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138229420
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138229420
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138285917
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138285917
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138285917
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138325752
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138325752
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138356851
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138356851
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138356851
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138367173
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138387575
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138387575
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138409390
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138409390
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138430347
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138430347
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138469937
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138469937
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138503729
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138503729
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138503729
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138552510
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290138552510
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139029123
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139029123
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139058122
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139058122
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139058122
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139092228
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139092228
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139092228
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139191178
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139191178
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139217706
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139217706
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139228936
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139228936
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139241436
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139241436
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139241436
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139251372
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139251372
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139266395
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139266395
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139266395
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135216917
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135216917
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135216917
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139314300
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139314300
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139327458
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139327458
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139338897
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139338897
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139338897
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139359991
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139359991
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139359991
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139379096
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139379096
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139404711
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139404711
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139404711
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139420695
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139420695
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139420695
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139420695
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139427130
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139427130
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139449659
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139449659
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139449659
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139490224
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139490224
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139490224
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135232659
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135232659
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135232659
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135319983
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135319983
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135319983
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139576418
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290139576418
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290141035685
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290141035685
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135348441
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135348441
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142362954
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142362954
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142362954
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142384406
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142384406
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142419098
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142419098
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290142419098
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143232897
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143232897
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143232897
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143284282
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143284282
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143284282
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143319575
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143319575
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143319575
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143352787
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143352787

A. Markou et al.

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]
[67]

[68]

[69]
[70]
[71]

[72]

[73]

[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]
[85]
[86]
[87]
[88]

[89]

G. Tamma, et al., Regulation of AQP2 localization by S256 and S261
phosphorylation and ubiquitination, Am. J. Physiol. Cell Physiol. 300 (3) (2011)
C636-C646.

J.D. Hoffert, et al., Quantitative phosphoproteomics of vasopressin-sensitive renal
cells: regulation of aquaporin-2 phosphorylation at two sites, Proc. Natl. Acad.
Sci. U. S. A. 103 (18) (2006) 7159-7164.

J.V. Roche, et al., Phosphorylation of human aquaporin 2 (AQP2) allosterically
controls its interaction with the lysosomal trafficking protein LIP5, J. Biol. Chem.
292 (35) (2017) 14636-14648.

R. Okutsu, et al., AKAP220 colocalizes with AQP2 in the inner medullary
collecting ducts, Kidney Int. 74 (11) (2008) 1429-1433.

V. Henn, et al., Identification of a novel A-kinase anchoring protein 18 isoform
and evidence for its role in the vasopressin-induced aquaporin-2 shuttle in renal
principal cells, J. Biol. Chem. 279 (25) (2004) 26654-26665.

F. Ando, et al., AKAPs-PKA disruptors increase AQP2 activity independently of
vasopressin in a model of nephrogenic diabetes insipidus, Nat. Commun. 9 (1)
(2018) 1411.

S. Tornroth-Horsefield, Phosphorylation of human AQP2 and its role in
trafficking, Vitam. Horm. 112 (2020) 95-117.

Y. Noda, et al., Reciprocal interaction with G-actin and tropomyosin is essential
for aquaporin-2 trafficking, J. Cell Biol. 182 (3) (2008) 587-601.

C.S. Liu, et al., Actin-related protein (Arp) 2/3 complex plays a critical role in the
aquaporin-2 exocytotic pathway, Am. J. Physiol. Renal Physiol. 321 (2021)
F179-F194.

H. Liu, et al., Actin-related protein Arp4 regulates euchromatic gene expression
and development through H2A.Z deposition in blood-stage plasmodium
falciparum, Parasit. Vectors 13 (1) (2020) 314.

A. Mobasheri, S. Wray, D. Marples, Distribution of AQP2 and AQP3 water
channels in human tissue microarrays, J. Mol. Histol. 36 (1-2) (2005) 1-14.
LV. da Silva, G. Soveral, Aquaporins in immune cells and inflammation: new
targets for drug development, Int. J. Mol. Sci. 22 (4) (2021).

T. Rai, S. Sasaki, S. Uchida, Polarized trafficking of the aquaporin-3 water
channel is mediated by an NH2-terminal sorting signal, Am. J. Physiol. Cell
Physiol. 290 (1) (2006) C298-C304.

E.C. Arnspang, et al., Aquaporin-3 and aquaporin-4 are sorted differently and
separately in the trans-Golgi network, PLoS One 8 (9) (2013), e73977.

Q. Chen, et al., Subcellular localization of aquaporin 3 in prostate cancer is
regulated by RalA, Oncol. Rep. 39 (5) (2018) 2171-2177.

H. Yasui, et al., Membrane trafficking of aquaporin 3 induced by epinephrine,
Biochem. Biophys. Res. Commun. 373 (4) (2008) 613-617.

A. Rodriguez, et al., Insulin- and leptin-mediated control of aquaglyceroporins in
human adipocytes and hepatocytes is mediated via the PI3K/Akt/mTOR signaling
cascade, J. Clin. Endocrinol. Metab. 96 (4) (2011) E586-E597.

AN. van Hoek, et al., Aquaporin-4 is expressed in basolateral membranes of
proximal tubule S3 segments in mouse kidney, Am. J. Physiol. Renal Physiol. 278
(2) (2000) F310-F316.

S.M. Kreda, et al., Expression and localization of epithelial aquaporins in the adult
human lung, Am. J. Respir. Cell Mol. Biol. 24 (3) (2001) 224-234.

A. Araque, et al., Tripartite synapses: glia, the unacknowledged partner, Trends
Neurosci. 22 (5) (1999) 208-215.

A. Frigeri, et al., Localization of MIWC and GLIP water channel homologs in
neuromuscular, epithelial and glandular tissues, J. Cell Sci. 108 (Pt 9) (1995)
2993-3002.

H. Suzuki, et al., Formation of aquaporin-4 arrays is inhibited by palmitoylation
of N-terminal cysteine residues, Biochim. Biophys. Acta 1778 (4) (2008)
1181-1189.

Z. Han, M.B. Wax, R.V. Patil, Regulation of aquaporin-4 water channels by
phorbol ester-dependent protein phosphorylation, J. Biol. Chem. 273 (11) (1998)
6001-6004.

H.B. Moeller, et al., Vasopressin-dependent short-term regulation of aquaporin 4
expressed in xenopus oocytes, Neuroscience 164 (4) (2009) 1674-1684.

M. Zelenina, et al., Water permeability of aquaporin-4 is decreased by protein
kinase C and dopamine, Am. J. Physiol. Renal Physiol. 283 (2) (2002)
F309-F318.

R. Sachdeva, B. Singh, Phosphorylation of Ser-180 of rat aquaporin-4 shows
marginal affect on regulation of water permeability: molecular dynamics study,
J. Biomol. Struct. Dyn. 32 (4) (2014) 555-566.

M. Carmosino, et al., Trafficking and phosphorylation dynamics of AQP4 in
histamine-treated human gastric cells, Biol. Cell. 99 (1) (2007) 25-36.

R. Madrid, et al., Polarized trafficking and surface expression of the AQP4 water
channel are coordinated by serial and regulated interactions with different
clathrin-adaptor complexes, EMBO J. 20 (24) (2001) 7008-7021.

E. Gunnarson, et al., Lead induces increased water permeability in astrocytes
expressing aquaporin 4, Neuroscience 136 (1) (2005) 105-114.

E. Gunnarson, et al., Identification of a molecular target for glutamate regulation
of astrocyte water permeability, Glia 56 (6) (2008) 587-596.

M. Assentoft, et al., Phosphorylation of rat aquaporin-4 at Ser(111) is not required
for channel gating, Glia 61 (7) (2013) 1101-1112.

K.V. Rao, et al., Aquaporin-4 in manganese-treated cultured astrocytes, Glia 58
(12) (2010) 1490-1499.

T. Morishima, et al., Lactic acid increases aquaporin 4 expression on the cell
membrane of cultured rat astrocytes, Neurosci. Res. 61 (1) (2008) 18-26.

J.D. Neely, et al., Syntrophin-dependent expression and localization of
Aquaporin-4 water channel protein, Proc. Natl. Acad. Sci. U. S. A. 98 (24) (2001)
14108-14113.

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

BBA - Biomembranes 1864 (2022) 183853

Z. Vajda, et al., Delayed onset of brain edema and mislocalization of aquaporin-4
in dystrophin-null transgenic mice, Proc. Natl. Acad. Sci. U. S. A. 99 (20) (2002)
13131-13136.

M. Belmaati Cherkaoui, et al., Dp71 contribution to the molecular scaffold
anchoring aquaporine-4 channels in brain macroglial cells, Glia 69 (4) (2021)
954-970.

A.D. Bragg, S.S. Das, S.C. Froehner, Dystrophin-associated protein scaffolding in
brain requires alpha-dystrobrevin, Neuroreport 21 (10) (2010) 695-699.

S. Noell, et al., Effects of agrin on the expression and distribution of the water
channel protein aquaporin-4 and volume regulation in cultured astrocytes, Eur. J.
Neurosci. 26 (8) (2007) 2109-2118.

D.K. Tham, B. Joshi, H. Moukhles, Aquaporin-4 cell-surface expression and
turnover are regulated by dystroglycan, dynamin, and the extracellular matrix in
astrocytes, PLoS One 11 (10) (2016), e0165439.

M.M. Salman, et al., Hypothermia increases aquaporin 4 (AQP4) plasma
membrane abundance in human primary cortical astrocytes via a calcium/
transient receptor potential vanilloid 4 (TRPV4)- and calmodulin-mediated
mechanism, Eur. J. Neurosci. 46 (9) (2017) 2542-2547.

N.E. Rabaud, et al., Aquaporin 6 binds calmodulin in a calcium-dependent
manner, Biochem. Biophys. Res. Commun. 383 (1) (2009) 54-57.

K. Tsubota, et al., Defective cellular trafficking of lacrimal gland aquaporin-5 in
Sjogren's syndrome, Lancet 357 (9257) (2001) 688-689.

Y. Ishikawa, et al., Acetylcholine acts on M3 muscarinic receptors and induces the
translocation of aquaporin5 water channel via cytosolic Ca2+ elevation in rat
parotid glands, Biochem. Biophys. Res. Commun. 245 (3) (1998) 835-840.

Y. Ishikawa, et al., alpha(1)-adrenoceptor-induced trafficking of aquaporin-5 to
the apical plasma membrane of rat parotid cells, Biochem. Biophys. Res.
Commun. 265 (1) (1999) 94-100.

J. Tada, et al., Involvement of vesicle-cytoskeleton interaction in AQP5 trafficking
in AQP5-gene-transfected HSG cells, Biochem. Biophys. Res. Commun. 266 (2)
(1999) 443-447.

Y. Ishikawa, et al., Identification of AQPS5 in lipid rafts and its translocation to
apical membranes by activation of M3 mAChRs in interlobular ducts of rat parotid
gland, Am. J. Physiol. Cell Physiol. 289 (5) (2005) C1303-C1311.

P. Kitchen, et al., Identification and molecular mechanisms of the rapid tonicity-
induced relocalization of the aquaporin 4 channel, J. Biol. Chem. 290 (27) (2015)
16873-16881.

P. Kitchen, et al., Plasma membrane abundance of human aquaporin 5 is
dynamically regulated by multiple pathways, PLoS One 10 (11) (2015),
e0143027.

M.R. Karabasil, et al., Effects of naturally occurring G103D point mutation of
AQPS5 on its water permeability, trafficking and cellular localization in the
submandibular gland of rats, Biol. Cell. 103 (2) (2011) 69-86.

C. Kosugi-Tanaka, et al., Protein kinase A-regulated membrane trafficking of a
green fluorescent protein-aquaporin 5 chimera in MDCK cells, Biochim. Biophys.
Acta 1763 (4) (2006) 337-344.

V. Sidhaye, J.D. Hoffert, L.S. King, cAMP has distinct acute and chronic effects on
aquaporin-5 in lung epithelial cells, J. Biol. Chem. 280 (5) (2005) 3590-3596.
F. Yang, J.D. Kawedia, A.G. Menon, Cyclic AMP regulates aquaporin 5 expression
at both transcriptional and post-transcriptional levels through a protein kinase a
pathway, J. Biol. Chem. 278 (34) (2003) 32173-32180.

A.M. Bragiel, et al., Mechanisms underlying activation of alpha(1)-adrenergic
receptor-induced trafficking of AQP5 in rat parotid acinar cells under isotonic or
hypotonic conditions, Int. J. Mol. Sci. 17 (7) (2016).

M. Yasui, et al., Aquaporin-6: an intracellular vesicle water channel protein in
renal epithelia, Proc. Natl. Acad. Sci. U. S. A. 96 (10) (1999) 5808-5813.

M. Ikeda, et al., Characterization of aquaporin-6 as a nitrate channel in
mammalian cells. Requirement of pore-lining residue threonine 63, J. Biol. Chem.
277 (42) (2002) 39873-39879.

K. Liu, et al., Conversion of aquaporin 6 from an anion channel to a water-
selective channel by a single amino acid substitution, Proc. Natl. Acad. Sci. U. S.
A. 102 (6) (2005) 2192-2197.

H. Nagase, et al., Molecular cloning and characterization of mouse aquaporin 6,
Biochem. Biophys. Res. Commun. 352 (1) (2007) 12-16.

E. Beitz, et al., Determinants of AQP6 trafficking to intracellular sites versus the
plasma membrane in transfected mammalian cells, Biol. Cell. 98 (2) (2006)
101-1009.

M. Yasui, et al., Rapid gating and anion permeability of an intracellular
aquaporin, Nature 402 (6758) (1999) 184-187.

K. Ishibashi, et al., Cloning and functional expression of a new water channel
abundantly expressed in the testis permeable to water, glycerol, and urea, J. Biol.
Chem. 272 (33) (1997) 20782-20786.

M.T. Skowronski, et al., AQP7 is localized in capillaries of adipose tissue, cardiac
and striated muscle: implications in glycerol metabolism, Am. J. Physiol. Renal
Physiol. 292 (3) (2007) F956-F965.

C.G. Walker, et al., Fasting-induced increases in aquaporin 7 and adipose
triglyceride lipase mRNA expression in adipose tissue are attenuated by
peroxisome proliferator-activated receptor alpha deficiency, Int. J. Obes. 31 (7)
(2007) 1165-1171.

M. Hara-Chikuma, et al., Progressive adipocyte hypertrophy in aquaporin-7-
deficient mice: adipocyte glycerol permeability as a novel regulator of fat
accumulation, J. Biol. Chem. 280 (16) (2005) 15493-15496.

H. Kondo, et al., Human aquaporin adipose (AQPap) gene. Genomic structure,
promoter analysis and functional mutation, Eur. J. Biochem. 269 (7) (2002)
1814-1826.


http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143484281
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143484281
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143484281
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143496139
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143496139
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143496139
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143521013
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143521013
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143521013
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143530306
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143530306
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143536422
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143536422
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143536422
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143547005
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143547005
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143547005
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143571559
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143571559
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143585259
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290143585259
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135487825
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135487825
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135487825
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144004069
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144004069
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144004069
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144014226
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144014226
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144022693
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144022693
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144137688
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144137688
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144137688
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144214595
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144214595
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144236323
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144236323
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144251642
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290144251642
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145114098
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145114098
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145114098
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145440154
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145440154
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145440154
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145566282
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290145566282
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290146338972
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290146338972
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135515960
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135515960
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135515960
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147278205
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147278205
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147278205
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147309513
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147309513
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147309513
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147328237
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147328237
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147503611
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147503611
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147503611
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147530924
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147530924
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147530924
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147541250
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147541250
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147550376
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147550376
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147550376
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147562192
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147562192
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147594331
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290147594331
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148005955
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148005955
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148014176
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148014176
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148025205
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148025205
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148057528
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148057528
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148057528
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148073474
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148073474
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148073474
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148078814
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148078814
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148078814
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148093755
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148093755
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148101135
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148101135
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148101135
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135548927
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135548927
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135548927
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148114186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148114186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148114186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148114186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148135006
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148135006
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148162212
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148162212
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148202966
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148202966
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148202966
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148244626
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148244626
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148244626
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148275022
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148275022
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148275022
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148368029
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148368029
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148368029
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148420009
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148420009
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148420009
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148456845
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148456845
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148456845
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148471676
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148471676
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148471676
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148502186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148502186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148502186
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148525460
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148525460
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148565501
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148565501
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148565501
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135571067
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135571067
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135571067
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148585247
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290148585247
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149021157
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149021157
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149021157
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149060694
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149060694
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149060694
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149079171
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149079171
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149109593
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149109593
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149109593
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149124383
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149124383
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149174648
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149174648
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149174648
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149305112
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149305112
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149305112
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149328765
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149328765
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149328765
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149328765
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149341121
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149341121
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149341121
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149354847
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149354847
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149354847

A. Markou et al.

[120]
[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]
[138]

[139]

[140]

A. Madeira, T.F. Moura, G. Soveral, Aquaglyceroporins: implications in adipose
biology and obesity, Cell. Mol. Life Sci. 72 (4) (2015) 759-771.

T. Miyauchi, et al., Dynamic subcellular localization of aquaporin-7 in white
adipocytes, FEBS Lett. 589 (5) (2015) 608-614.

U. Laforenza, M.F. Scaffino, G. Gastaldi, Aquaporin-10 represents an alternative
pathway for glycerol efflux from human adipocytes, PLoS One 8 (1) (2013),
e54474.

C. Sztalryd, D.L. Brasaemle, The perilipin family of lipid droplet proteins:
gatekeepers of intracellular lipolysis, Biochim. Biophys. Acta Mol. Cell Biol Lipids
1862 (10 Pt B) (2017) 1221-1232.

J.S. Hansen, et al., Perilipin 1 binds to aquaporin 7 in human adipocytes and
controls its mobility via protein kinase a mediated phosphorylation, Metabolism
65 (12) (2016) 1731-1742.

G. Calamita, et al., The inner mitochondrial membrane has aquaporin-8 water
channels and is highly permeable to water, J. Biol. Chem. 280 (17) (2005)
17149-17153.

M.L. Elkjaer, et al., Inmunolocalization of aquaporin-8 in rat kidney,
gastrointestinal tract, testis, and airways, Am. J. Physiol. Renal Physiol. 281 (6)
(2001) F1047-F1057.

P. Kitchen, et al., Beyond water homeostasis: diverse functional roles of
mammalian aquaporins, Biochim. Biophys. Acta 1850 (12) (2015) 2410-2421.
F. Garcia, et al., The water channel aquaporin-8 is mainly intracellular in rat
hepatocytes, and its plasma membrane insertion is stimulated by cyclic AMP,

J. Biol. Chem. 276 (15) (2001) 12147-12152.

R.C. Huebert, et al., Expression and localization of aquaporin water channels in
rat hepatocytes. Evidence for a role in canalicular bile secretion, J. Biol. Chem.
277 (25) (2002) 22710-22717.

S.A. Gradilone, et al., Glucagon induces the plasma membrane insertion of
functional aquaporin-8 water channels in isolated rat hepatocytes, Hepatology 37
(6) (2003) 1435-1441.

S.A. Gradilone, et al., Phosphoinositide 3-kinase is involved in the glucagon-
induced translocation of aquaporin-8 to hepatocyte plasma membrane, Biol. Cell.
97 (11) (2005) 831-836.

K. Ishibashi, et al., Cloning and functional expression of a second new aquaporin
abundantly expressed in testis, Biochem. Biophys. Res. Commun. 237 (3) (1997)
714-718.

M. Elkjaer, et al., Inmunolocalization of AQP9 in liver, epididymis, testis, spleen,
and brain, Biochem. Biophys. Res. Commun. 276 (3) (2000) 1118-1128.

J. Badaut, et al., Distribution of aquaporin 9 in the adult rat brain: preferential
expression in catecholaminergic neurons and in glial cells, Neuroscience 128 (1)
(2004) 27-38.

M.N. Mylonakou, et al., Analysis of mice with targeted deletion of AQP9 gene
provides conclusive evidence for expression of AQP9 in neurons, J. Neurosci. Res.
87 (6) (2009) 1310-1322.

C. Lindskog, et al., A systematic characterization of Aquaporin-9 expression in
human Normal and pathological tissues, J. Histochem. Cytochem. 64 (5) (2016)
287-300.

H. Tsukaguchi, et al., Functional and molecular characterization of the human
neutral solute channel aquaporin-9, Am. J. Phys. 277 (5) (1999) F685-F696.

J. Badaut, Aquaglyceroporin 9 in brain pathologies, Neuroscience 168 (4) (2010)
1047-1057.

S. Jelen, et al., Aquaporin-9 protein is the primary route of hepatocyte glycerol
uptake for glycerol gluconeogenesis in mice, J. Biol. Chem. 286 (52) (2011)
44319-44325.

M.P. Bordone, et al., The energetic brain-A review from students to students,

J. Neurochem. 151 (2) (2019) 139-165.

10

[141]

[142]
[143]
[144]
[145]
[146]

[147]

[148]
[149]
[150]

[151]

[152]

[153]
[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]
[163]
[164]

[165]

BBA - Biomembranes 1864 (2022) 183853

C. Pietrement, et al., Role of NHERF1, cystic fibrosis transmembrane conductance
regulator, and cAMP in the regulation of aquaporin 9, J. Biol. Chem. 283 (5)
(2008) 2986-2996.

T. Karlsson, et al., Aquaporin 9 phosphorylation mediates membrane localization
and neutrophil polarization, J. Leukoc. Biol. 90 (5) (2011) 963-973.

V.M. Loitto, et al., Filopodia are induced by aquaporin-9 expression, Exp. Cell
Res. 313 (7) (2007) 1295-1306.

A. Rodriguez, et al., Aquaglyceroporins serve as metabolic gateways in adiposity
and insulin resistance control, Cell Cycle 10 (10) (2011) 1548-1556.

T. Morinaga, et al., Mouse aquaporin 10 gene (AQP10) is a pseudogene, Biochem.
Biophys. Res. Commun. 294 (3) (2002) 630-634.

K. Gotfryd, et al., Human adipose glycerol flux is regulated by a pH gate in
AQP10, Nat. Commun. 9 (1) (2018) 4749.

K. Ishibashi, et al., Cloning and identification of a new member of water channel
(AQP10) as an aquaglyceroporin, Biochim. Biophys. Acta 1576 (3) (2002)
335-340.

F. Oberg, et al., Glycosylation increases the thermostability of human aquaporin
10 protein, J. Biol. Chem. 286 (36) (2011) 31915-31923.

P. Kitchen, et al., Water channel pore size determines exclusion properties but not
solute selectivity, Sci. Rep. 9 (1) (2019) 20369.

K. Ishibashi, Aquaporin subfamily with unusual NPA boxes, Biochim. Biophys.
Acta 1758 (8) (2006) 989-993.

M. Ikeda, et al., The NPC motif of aquaporin-11, unlike the NPA motif of known
aquaporins, is essential for full expression of molecular function, J. Biol. Chem.
286 (5) (2011) 3342-3350.

A. Madeira, et al., Human aquaporin-11 is a water and glycerol channel and
localizes in the vicinity of lipid droplets in human adipocytes, Obesity (Silver
Spring) 22 (9) (2014) 2010-2017.

S. Bestetti, et al., Human aquaporin-11 guarantees efficient transport of H202
across the endoplasmic reticulum membrane, Redox Biol. 28 (2020), 101326.
D.A. Gorelick, et al., Aquaporin-11: a channel protein lacking apparent transport
function expressed in brain, BMC Biochem. 7 (2006) 14.

Y. Morishita, et al., Disruption of aquaporin-11 produces polycystic kidneys
following vacuolization of the proximal tubule, Mol. Cell. Biol. 25 (17) (2005)
7770-7779.

R.D. Isokpehi, et al., Integrative sequence and tissue expression profiling of
chicken and mammalian aquaporins, BMC Genomics 10 (Suppl 2) (2009) S7.

E. Ohta, et al., Pancreas-specific aquaporin 12 null mice showed increased
susceptibility to caerulein-induced acute pancreatitis, Am. J. Physiol. Cell Physiol.
297 (6) (2009) C1368-C1378.

A. Lundby, et al., Quantitative maps of protein phosphorylation sites across 14
different rat organs and tissues, Nat. Commun. 3 (2012) 876.

R.Y. Tweedie-Cullen, J.M. Reck, .M. Mansuy, Comprehensive mapping of post-
translational modifications on synaptic, nuclear, and histone proteins in the adult
mouse brain, J. Proteome Res. 8 (11) (2009) 4966-4982.

L.A. Low, et al., Organs-on-chips: into the next decade, Nat. Rev. Drug Discov. 20
(2020) 345-361.

M.M. Salman, et al., Design and validation of a human brain endothelial
microvessel-on-a-chip open microfluidic model enabling advanced optical
imaging, Front. Bioeng. Biotechnol. 8 (1077) (2020).

M. Abir-Awan, et al., Inhibitors of mammalian aquaporin water channels, Int. J.
Mol. Sci. 20 (7) (2019) 1589.

M.M. Salman, et al., Recent breakthroughs and future directions in drugging
aquaporins, Trends Pharmacol. Sci. 43 (1) (2022) 30-42.

M.M. Salman, et al., Emerging roles for dynamic aquaporin-4 subcellular
relocalization in CNS water homeostasis, Brain (2021). In press.

M.M. Salman, et al., Aquaporin 4 and glymphatic flow have central roles in brain
fluid homeostasis, Nat. Rev. Neurosci. 22 (10) (2021) 650-651.


http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149366116
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149366116
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149375452
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149375452
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149387892
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149387892
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149387892
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137162582
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137162582
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290137162582
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149406687
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149406687
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149406687
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149418868
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149418868
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149418868
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149513174
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149513174
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149513174
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149530336
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149530336
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149576200
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149576200
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149576200
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149588050
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149588050
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290149588050
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150004131
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150004131
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150004131
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150016373
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150016373
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150016373
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150026264
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150026264
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150026264
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135596707
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290135596707
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150036453
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150036453
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150036453
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150046151
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150046151
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150046151
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150055010
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150055010
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150055010
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136028337
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136028337
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150062532
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150062532
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150069638
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150069638
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150069638
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150079868
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150079868
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150087387
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150087387
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150087387
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150097686
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150097686
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150105321
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150105321
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150113842
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150113842
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150121527
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150121527
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150131366
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150131366
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150136945
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150136945
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150136945
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150135227
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150135227
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150145955
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150145955
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150143943
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150143943
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150147507
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150147507
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150147507
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150153346
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150153346
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150153346
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150166594
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150166594
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150173000
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150173000
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150173938
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150173938
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150173938
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150175344
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150175344
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150285222
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150285222
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150285222
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150291209
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150291209
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150297534
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150297534
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150297534
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136085073
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136085073
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136366013
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136366013
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290136366013
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150309023
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150309023
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150315175
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150315175
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150325900
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150325900
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150395133
http://refhub.elsevier.com/S0005-2736(21)00301-1/rf202112290150395133

	Molecular mechanisms governing aquaporin relocalisation
	1 Introduction
	1.1 AQP0
	1.2 AQP1
	1.3 AQP2
	1.4 AQP3
	1.5 AQP4
	1.6 AQP5
	1.7 AQP6
	1.8 AQP7
	1.9 AQP8
	1.10 AQP9
	1.11 AQP10
	1.12 AQP11
	1.13 AQP12

	2 Summary
	Funding
	Declaration of competing interest
	References


