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Summary Aquaporin-1

1. Aquaporins are tgets for drug disoery for AQP1 was the first water channel to be
basic research and medicinéluman diseases valving characterizet® from studies of erythrocyte membrane
fluid imbalances and oedema are of major concern, aptbteins. Préously known as CHIP28 (channeldik
involve ftissues in which aquaporins argpeessed. The integral protein, 28 kDa),Aquaporin-1 mediates osmotic
range of functional properties of aquaporins is continuing #nd hydrostatic water fl@s across cell membrane&QP1
expand steadily with ongoing research in the field. is found in a variety of tissues including kigngroximal

2. Gating domains in aquaporins (AQPs) ardubule, eye, heart, lung, theascular system, and in the
molecular sites for drug actionsDiscovery of the choroid pleus in brain entriclestl® Exemplifying a
arylsulfonamide AgB013 as an antagonist for AQP1 arngkneral pattern of AQP structurabanisation, each swimit
AQP4 provided the first pharmacological agent witln the AQP1 tetrameric channel comprises six full
translational promise for the treatment of diseases in whittansmembrane domains, connected by intracellular and
AQPs hae been implicated. The putag binding site for extracellular loops with ytoplasmic N- and C-termini
AgBO013 in the internal estitule of the AQP water pore (Figure 1). Domains within loop B (between
involves amino acid residues that are located in t@# A transmembrane domains 2 and 3) and loop E (between
loop D gating domain. transmembrane domains 5 and 6) fold into the lipid bilayer

3. Aquaporins hee keen proposed as v targets in  from opposite sides of the membrane to form theusitb
cancer and oedema, and are associated with a surprishggieous pore, first conceptualized as an ‘fjlass”
array of important processes in the brain and body suchrasdel! as an insight that was generally validated by later
angiogenesis, cell migration, \d#opment, and crystal structural analysés!®
neuropathological diseaseBunctions beyond their simple
role as water channels are suggested by the subtype-specific TEA
regulation of AQP gpression. Inboth cancer and brain
oedema, current therapies are limited, andw ne
pharmacological approaches focused on AQPfer of
exciting potential for clinical advances.

external

Aquaporins are targets for drug discovery for basic
research and medicine

cytoplasmic

Aquaporins are intgal membrane proteins that
enable the meement of water and other small solutes K ,
across biological membran&gVith continuing research on (8ating)  carboxyl terminus
aquaporins, the repertoire wancludes permeabilities in (modulation)
some subtypes of aquaporins to ariety of substrates
including gasse$ and ionss As members of the Major Figure 1. Transmembrane topology diagram of Aqua-
Intrinsic Protein (MIP) &mily, aguaporins hee been porin 1. This illustrates the six ansmemkane domains
identified in almost wery living organism, including (M1 to M6); the loops that form the imsukunit water poe
vertebrates, ivertebrates, plants, and bacteria. The 18oops B and E); and theegons implicated in gating (loop
mammalian classes of aquaporins (AQP0-12) generally &D§, modulation of activity (carboxyl terminus), and Kdy
divided into tw categories: the aquaporins, whichthe etracellular egents mercury (Hg) and teaethylammo-
primarily transport water and the aquaglyceroporins, which nium ion (TEA).
also allav permeation of small solutes such as glycerol and
urea.

Aquaporin blockers arexpected to be valuable for
intervention in diseases \volving defects in fluid
homeostasi*®> While the need for pharmacological tools
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confirm TEA blocking actiity,2®> TEA has successfully
been used as an aquaporin inhibitor in other

1.04 AQP1 preparationg*2°
+Hg?* The agents summarized ako (metal ions,
+AgB013  tetraetlylammonium, acetazolamide) are valuable in that
1.02 1 control they indicate pharmacological modification 0QR actvity

is possible, but thelack the specificity or &Eacy needed

for a clear translationalalue. Ourdiscovery of a nwel
blocker (AqB013) for LP1 (Figure 2) and AQP4 channels,
and the identification of the puteti kinding site on the
intracellular \estitule of the vater channel poré, suggest
opportunities for translational applicationsTargets of
treatment include oedema in brain, lung and heart,
Figure 2. A nowvel bloker of mammalian aquaporinftan- glaucoma, cancerenal dysfunction and other conditions
nels, AgB013, is merdfective than meury at the same involving alterations in fluid transport and homeostasis in
dose (50uM), as illustiated hee for mammalian AP1 AQP-expressing tissués.

channels in thexenopusoocyte &pression systemOocytes _

were paced into 50% hypotonic saline at time @eData Adquaporin-4

are meanz SD, for 10 oocytes peregatment, with swelling
rates calculated from thehange in doss-sectional area as
a function of time using video igmg. Control oocytes
lack AQP channel epression and show minimal swelling in
hypotonic conditions.

Relative volume
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In the mammalian brain, the predominant class of
water channel is ®P4, which is localized in astroglial
cells throughout the brain and spinal cord near the blood-
brain-barrier intedice?” and thought to play a major role in
brain fluid homeostasis. It is also expressed in other tissues
including lung, skletal muscle and collecting ducts of the
to dissect the roles of aquaporins inygiblogical and kidney.282° In contrast to AQP1, AQP4 is insengiti o
pathological processes is clgprogress in the delopment mercurial inhibition?®30 Atypically, rat AQP4 channels
of selectve ron-toxic pharmacological agents forQR reconstituted in proteoliposomes sha mercury-sensitie
channels has been 8lo The classic bloakr of AQP1 is the water permeability that wolves Cys178 in the loop D
mercuric ion HE' 16 but its high toxicity precludes gn region?! a dte that normally is inaccessible on the
therapeutic consideration. Site-directed mutagenesis iofracellular side.The residue in the equent position in
human AQP1 identified the binding site for Blgas a AQP1 is threonine (T157 in human AQP1).
cysteine residue (Cys189) located extracellularly in loop Arylsulfonamides are a class of compounds
E® at which cealent modification is thought to block characterized by an aromatic benzene ring attached to a
water permeability by occluding the poréther heay sulfonamide group, SMH, (Figure 3). This class of
metals such as silver and gbldlso inhibit AQP1 water compounds shows promise for vé®pment of
channel function. The carbonic anhydrase inhibitor pharmacological agents for aquaporins. Sulfonamides such
acetazolamide (10uM) was found to reduce ater as the carbonic agbrase inhibitor acetazolamide can
permeability by >80% in @P1l-expressingXenopus reduce AQP4 adtity.3? Anti-epileptic drugs such as

oocytes® and in AQP1-transfected HEK celf3. topiramate and zonisamide recentlyvéaeen found to
Prior work from our laboratory identified the have inhibitory effects on AQP4 functiofs.
guaternary ammoniunetraetlylammonium ion (TEA), as Discovery of the arylsulfonamide AqB013 as an

the first non-mercurial compound to inhibit QR1 antagonist for Pl and AQP4 was based on a
function?® with human MP1 channels expressed incombination of synthetic chemistrgiological assays, and
Xenopusoogytes, the application of extracellular TEAin silico modeling. Bumetanidewas <lected as the
resulted in a modest dose-dependent reduction dtructural scaffold for design of a chemical library of
osmotically-drven swelling rate, blocking water channel derivatives based on a small but significant block cDRr4
function by approximately 30% at 10 mMTEA-CI water channel functioR® Bumetanide is knen as a loop
reduced water permeability in QPl-epressing MDCK diuretic drug which inhibits the Na-K-2ClI cotransporter in
cells and in rat kidnedescending thin lim# indicating the the kidng ascending limb of Henlé* Inhibiting the Na-
block also was ééctive an natively expressed channels. K-2Cl cotransporter in the kidge decreases Na
The sensitivity of human AQP1 to TEAas remeed by reabsorption and increasesater excretion, resulting in
site-directed mutagenesis ofrI86 to Phe (Y186F) in the diuresis. At doses higher than those needed for loop
outer \estilule of the AQP1 water pore, confirming that thediuretic actvity, bumetanide has a proteai dfect on rat
inhibitory effect of TEA vas mediated directly at theQ®1 brain oedema>3® Brain oedema and infarct volumes were
channef® The block of AQP1 by TEA was confirmedreduced by application of approximately 100M
independently and extended to include other classes obumetanide in cerebrospinal fluid sali#fe’® whereas the
AQPs which hae tyrosine at the position homologous toconcentration required to block the cotransporter is more
Y186 in AQP122 Although a separate studyailed to than 50-fold lowe?*
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Figure 4. Schematic diagram of putative binding sites on
ONH the aguaporin subunit. Site 1 is the likely site of action of
O o the novel aquaporin blker AgB013, whib is proposed to
N H S//\NH inhibit AQP water bannel activity by occlusion of the
;@/ 1 \\O 2 internal vestile. Ste 2 also on the intracellular side of
the AQP subnit is a candidate for possible modulatory
compounds yet to be identifiedn the etracellular
vestibule Ste 3 is the likely site of action of quaternary
ammonium compounds $uas etraethylammonium ion, as
well as extracellular mercurial compounds.

AqBO13

Figure 3. Chemical structures of arylsulfonamide com-
pounds with aquaporin blocking activities.

The Aq(l? serit;s of blumetanide cé;s.tives was tested Site 1 is located at the intracellulagstitule of the
on AQP1 an .'4 channels expressea emopusooc_:ytes, water pore, and wolves the loop D igon. The mutations
assayed by V|deom|croscqplc analysis of swelling rategf Ser180 to Ag (S180R), and Val189 to Ala (V189A) both
AgBO13 produced half maximal block ¢f at [20 uM for significantly enhanced the blocking effect of %M

both AQP1 and -4, and had .compa_mlyi little effect on AqB013 as compared with wild typeQ®426 The residues
Na-K-2Cl transport.Collaboratve gudies on the effects of Ser180 and 3189 in rat AQP4 which interact with

AqBO;sin vivoandin v_itro are in progress to assesfteefs AqBO13 are equalent to Serl80 and le189 in human
of this c.ompound. in cell and  systems mode!s 9 QP4 (Figure 5), and are located in the intracellular loop
pathophysiology Th!s novel class of pharmapologmgl D. AgBO013 block at the equilent position in human
agents for aquaporins  could balugple as ".’ldjunCt.S n AQP1 would iwvolve the loop D residues Argl59 and
Freatmg ogdema an.d other g:ond_|t|on9/olmng fluid Alal68, which were recapitulated in the selection of
imbalance in aquaporin-expressing tissues. substitute residues for theQ®4 modifications. The wild
type AQP1 channel with the grand Ala residues naturally
in place does not sho higher sensitivity to block by
AgB013 as compared with AQP4, suggesting that
Crystal-structure data for AQPs allowed structurahdditional residues contribute to the putatibcking site.
modelling and the prediction of putati inding sites on The loop D domain has been proposed to esémv
AQP426 In silico analyses were used to resmlthree gaing AQP channel functions in mammaliaQR13° and
putative kinding site caities: two on the intracellular side AQP472041 and in plant ®P* In AQP1, the loop D
of the AQP4 suinit, labelled as Sites 1 and 2, and ondomain is iwolved in regulation of a non-selegdi
extracellulay labelled as Site 3 (Figure 4)Site-directed monovalent cation channel aeity, activated by cGMP
mutations of AQP4 were used to test for amino acisignalling. AlthoughAQP1 is a robust water channel,
residues that contritted to the candidate binding sitesunder permissie @nditions, it also functions as an ion
Changes at Site 1 alterediedicy of block by AqB013, thus channeP#34> The subunits of the aquaporin channel are
shaving that the aquaporin channel is the direct molecularganized as tetramers spanning the cell membrane, and the
target of action. passage of water and ions appears to be through
pharmacologically distinct pathays, with conduction of
ions occurring through the putati eentral pore sensite ©
CP* but not TEA* 46 and water transport occurring
through the individual pores located in each ust
sensitve © TEA* but not Cd&*!! Development of

Gating domains in aquaporins (AQPs) ae molecular
sites for drug actions
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rat AQP4 human AQP4

Figure 5. Structural models of rat and human AQP4. The viav is from the cytoplasmic side of the subunits, showing the
simulated doking of AgB013 in the internal vestibule of the waterep@ite 1), and the positions of tweykesidues
(Ser180 and Val/lle189) that wedemonstrated by muganesis to influence the efficacy of the blocking effect.

therapeutic strategies couldvalve dfferential targeting of particular interest for irestigating translational value of the

the AQP1 dual ion-and-water channel functions. AgB compounds include treating brain oedema, and as a
The candidate residues of Sites 1 and 2 are locatpdssible adjunct for nal strategies of cancer treatment.

mainly in intracellular loops B and D,ub Site 2 also .

includes the C-terminal region of®4, based on structural Brain oedema

modelling. TheC-terminal region has been proposed to be

involved in AQP1 regulation because it carries a consensys

sequence for Gabinding*! As illustrated by the effects of

site-directed mutations, the C-terminal domain modulatgﬁlid accumulatior?®5254 Cerebral oedema is the leading

i i 9,45,47,48
the. lonic condugtange of the Q1 channef: . cause of mortality and morbidity associated with head
Activation of protein kinase C by phorbol esters increasgs, |- and  str@®® Current treatments  include

the AQP1 cationic current.by a mechanism that i eurosugical decompression and administration of
dependent on phqsphorylaﬂon of Thr157 and Thrz perosmolar agents to extract brain water osmotié&fiy
reS|duef§5 located in loop D anq n .the C-termlnus,AQP4 is postulated to play a critical role in the formation of
respectrely. In Ste 2, an Ag residue in the carboxyl brain oedema after strek injury or water intoxication.

term_mu.s IS consgrvgd (243 in QR1; 261 in r,QP4)_ In Decreased AQP4 expression in mammals can reduce the
continuing work, it will be of interest to determine WhetheFa,[e of pathological fluid accumulation in the brain, and
ary of the arylsulfonamide-related desiives can be found @ '

Brain oedema is a potentiallathl consequence of
injury brain tumour stroke, and infections such as
meningitis, all of which cause brain swelling due xcess

. . . QP4 deficient mice slhoimproved outcomes in models of
to act at Site 2, at which possible modulatory effects on t Fain oedemaAQP4-null mice demonstrated reduced brain
water or ion flwes might be identified. Such tools will be

; . . water content and astrocytic swelling, and imm®d
Zﬂ;gr?le? Iﬁgc?%irﬁislﬂg t;;ugg:iongslCﬁ:a?u;rpgsbeot%f ig‘;a;n(iurological outcomes and suwi after ischemic strog,
compared with wild-type miéé. Injection of

water channels, such asQR04%50 AQP1*344and AQP6°! P yp )

d ially other AOP i h | t 1o be identifi treptococcus pneumoni@auses meningitis-induced brain
and potentially other AQP ion channels yet to be identifie edema; AQP4 null mice had significantly wir

AQP pharmacological drug agents hold translational in.tracranial'pressure and brairater accumulation, and a
promise for fluid imbalance disorders such as brain higher surwal (80% compared to 0% at 60h) as compared
oedema and diseases such as cancer with wild type mice>* The reduced brain oedema seen in

the AQPA4-deficient mice highlights this channel as a
Calls for the declopment of aquaporin blockersyea potential target for drug therap

been dwen by recognition of the proteste dfects of AQP1 is also an important therapeuticgitrin the
genetic aquaporin deficiepcaganst pathological fluid brain. Imbalancebetween cerebral spinal fluid production
accumulation and disease processes in mouse modalsd absorption can result in hydrocephalus, increased
AQPs hae an obvious role in mediating fluid homeostasis,intracranial pressure, and mental retardatidPotential
but also hare keen associated with\@irse other processes AQP1 blockers could wvae a potectve dfect in related
including angiogenesis, cell migration, veélmpment, disorders. Ina rodent model of focal brain injury
neuropathological disease, and canttepugh mechanisms AQP1-deficient mice demonstrated aeffold reduction in
that are not yet understood. Examples ob taweas of osmotically drven water flux across the choroid epithelium,
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a reduction in intracranial pressure and better sarvates available in the UCSF Neurosurgery Tissue Bank (36

than in the wild-type mice? samples), and might conttite to the formation of oedema
associated with malignant glial tumoGps®
Cancers In contrast, AQP4 does not\ean obvious link in

_glioblastoma. MRP4 is normally xpressed in the

(AQP1) is a unique feature of glioblastoma and certaf?1e”V""S‘CL""’lr endfeet of astrgtes; hevever in gliomas, the

other cancer types (breast and colon cancers), but the r%?émal localisation is lost and the channels are dispersed

of AQP1 in cancer has beenfditilt to evaluate, gven the over the cell su_race. Leels of expressior_1 OT AQP4 in
relative lack of aalable pharmacological ageri&® Grade | to IV gliomas(World Health Oganisation scale)

Glioblastomas are Vasive train tumours that result from WE® associated with the extent of oedema formatiah, b

: : X 67 .
transformation of glial cells. In these rapidly lethal tumour§r:°N§d t_no Cfotbr‘e'itfré.dw.'th patleg:e s, Q{\I{[\lle
the level of Aquaporin-1 expression has been found grroduction o Q 0 InCreaseater permeabiiity as

correlate with the aggressness of the disease, althoug efepted, its "’.‘d(/ja'\t'o;jl dfhéCt V\;asltto enhatr;]ce ceI.I adﬁhg sion.
the role of Aquaporin-1 in the disease process is novkno e increase in AQ Id not after growth or migratron.

The age distribution in the world population of humans In human lung cancers,QPl_ Is werexpressed n

with brain tumours is bimodal, with peak incidences “;ildeno— and bronghomular _ carcinomas, pUt not in
children and adults between ages 45 to 70, and the high%%ll’amqus cell carcinoma or in norma_l lung tisSu@ver- .
rates seen in descendants of white European ethnic gro ression of RP1 in NIH-3T3 cells induces phenotypic

Glioblastoma multiformes the most common, malignant anges characteristic of transformation, including cell

and aggresge form of brain tumour in adults, and accountéjro”fer"’Ition arjd anchorage-indept_andent growth _in soft
for 75-80% of primary brain gliomas as theM@ading agar Upregulation of AQP5 expression correlates with an

cause of canceelated death in menWith glioblastoma increased rate of recurrence of non-small cell lung cancer

multiforme most patients deslop clinical symptoms wer a and a decreased chance of disease-free valirvi

short time span (three months) and die within 8-18 montﬂ'éansfection of cell Iint_as with V.V“d type AQPS altered the
of diagnosi$! Less than half of the patients diagnosed Wit@eII morphology to a fibroblastic phenot_ype, acgompamed
glioblastoma We for 6 months, and only 3% suvei for y the loss of ceII—ce_II contacts, polaritsnd epithelial
two years. Thencidence rate of glioblastoma per year ignarlers, and the gain of mesenchymal ce!l mmk
3.32 in males and 2.24 in females per 100,000these whereas mutant constructs lacking trafficking or

cases, the majority arde nwo glioblastomas, and rarely plfgosrlhorggtlgn signal . S|tesf r?'d no; Icaa5us_e q these
involve progression from b grade gliomas (5% alterations:® Overexpression of human AQ induces

It is possible that block of @P channels could sko phenotypic changes that are characteristic of transformation

: - . ; f cells in vitro and in vivo. An increase of protein-
the proliferation and migration of glioma cellsThe °© . .
b g g eIgnase—A mediated phosphorylation c®R5 was obseed

tumour cells and associated with increased
proliferation’®

In colorectal carcinomas, microarray profiling has
slacwn that AQP1 can be considered to beahdated gene
that discriminates colorectal cancer cells from adenomas
Iand normal tissu€-7?2 Overexpression of human @P5
activates phosphorylation signaling cascades and induces
proliferation in a colon cancer cell linélhe effect is not

The upregulation of the water channel Aquaporin

cancer cell volume regulation and promotes salyi
proliferation, and migratiof® The suggested role of@P1
in the pathology of aggressi dioblastoma has been that
the water channel provides for a regulated decrease
tumour cell volume which confers increasedbsiveness of
them through the restrictedteacellular space of the central
nenous system.However, an in depth consideration of the

available data for AQPs in cancer (bs)oshows that more . ) :
than just vater channel function is \molved; specific replicated by the werexpression of other aquaporinR1

78 g .
classes of APs are associated with the different classes 8Pd AQPB.’ indicating that the class ofQP Im_ked to. the
tumours, and the transformati dfects of AQP pathogenic state depends on thg type of tissuavid.
overexpression on morphologygrowth and proliferation AQP1 and AQPS are expressed in colorectal carimem

cannot be mimiokd by substitution of other classes OIIhe early-stage of dysplasia through the late stages of colon
water channels cancer deelopment, and in the metastatic lesions found in

4 S . ;
In primary glioblastoma multiformae tumours,lt'ver' . Thg m;plledl rotle for '%P prFr)essmnmln .

receptors and transporters that areolved in glutamate umorigenesis at early stages makes QP an ateact

and GABA neurotransmission are waoregulated as target for pptent|al therapeutllc strategies. .

compared with normal temporal lobe human brain tissue, .In primary rgnal carcinomasexpression of RP1

but in contrast, AQP1 expression is ugndated® Glioma was ggnificantly higher in cleacell and _paplllary for_ms,

biopsies consistently shoupregulation of AQP1, though even at arly stages before symptomatic presentation, as

the pression is lost after the malignant cells are isolate(ii)mp"’Ired with the normal vels of expression of this

; ; : rotein in kidng tissue samples. It is interesting to note
and propagated in cultureln glioblastoma multiforme P o e
upregulated AQP1 expression is proposed to couteitto that the addition of the @P1 parameter to the Wersity of

oedema formation and cell motilitAQP1 expression &g California Los Angeles Infgated Staging System (UISS)

found to be strongly upregulated in human glial tumou@rognosﬂc score impued the accurag of prec_ilcnons of
both cancer death and recurrence for all patient cohorts for
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clearcell renal carcinom&
tumour cell membranes shkosignificant expression of
AQP1 that is not seen in the normal epithelial célls.
Together these results suggest that the cancer
enhancing activity of AQPs is more than simply creating

In mammary carcinomas, 6. StameWD, Snyder RV, Smith BL, Agre P Regar JW.

Localization of aquaporin CHIP in the humayee
implications in the pathogenesis of glaucoma and
other disorders of ocular fluid balancévest.
Ophthalmol. Vis. Scil994;35:3867-72.

pathways for vater flav, but that additional distinguishing 7. Au CG, Cooper ST Lo HP, et al. Expression of

features (such as capacity for linkages oDPRS into
protein-protein signaling comples, or regulation by
intracellular signaling pathays) are also importantThe
role of AQPs in human cancer is emerging as an area of
intense research interesAnalyses of AQP knockout mice
have mnfirmed the gpected functions of AQPs in epithelial
fluid transport. However, some surprising roles for @Ps
have eneged, in that AQPs ka been found to promote
cell migration, tumour angiogenesis, tumoutravasation
and metastasis, to alteatf metabolism and more, by 10.
mechanisms that remain unkme®® Recognizing that
AQP1 is a vater channel and, under permigstonditions,

also a cGMP-gated cation chanfi&t>4” evidence in
various tissues for a coupling of the cGMP signalind.1.
cascade to a pbiological outcome that might volve

AQP1 dual ion-and-water channel functions is of
interest>14
12.
Summary
It appears that the call for wkopment of

pharmacological agents for aquaporins is being answeré‘g’;
and the field is poised foxeiting progress in basic science
and medicine. With the mecompounds being identified, it
is possible to finally kgin testing for a role of @P
blockers in mitigating pathologies such as brain oedema,
glioblastoma, breast and colon cancers, andynather
clinically important disorders. 15.
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