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Summary I

Summary

Ca?-activated CI" channels (CaCCs) participate in a variety of important physiological
processes such as transepithelial transport, olfactory and taste transduction, neuronal and
cardiac excitability, fototransduction and fertility. These CI" channels also play a key role in
diseases such as cystic fibrosis, secretory diarrhea and polycystic kidney disease. Although
epithelial CaCCs have been studied for more than two decades, their molecular identity and
physiological role remain uncertain. Whereas most candidate molecules have failed to fulfill
CaCC requisites, proteins of the bestrophin family have been demonstrated to induce a Ca?*-
acitivated CI" conductance in expression systems. The properties of this conductance
resembled those of Ca®*-activated CI' currents (lcica) in native tissues. Bestrophin 1 (best1),
the gene product of the vitelliform macular dystrophy type 2 (VMD2), is expressed in the
retinal pigment epithelium (RPE) where it is thought to underlie the CI" conductance that
controls retinal homeostasis. Mutations in best1 gene cause the so-called Best disease, a

genetic form of retinal macular dystrophy.

There is not yet a consensus as to whether Best disease is caused by CI° channel
dysfunction, partly because mbest1 knockout mice (best1-/-) have no ocular pathology and
normal CI" currents can be recorded from the RPE. It has also been shown that best1
regulates voltage-gated Ca®" channels in the RPE. The precise cellular role of bestrophins
therefore remains an unresolved question. Most importantly, bestrophins remain to be

demonstrated to generate I¢ic, in tissues other than the RPE.

The present work demonstrates that best1 is also expressed in other epithelial tissues, such
as airways, kidney and colon where it enables Ca®*-activated CI” secretion. Endogenous Igica
coincide with endogenous expression of best1 in murine and human epithelial cells, whereas
lcica is absent in epithelial tissues lacking best1 expression. Furthermore, I¢ic, is shown to be
activated by ATP in HEK293 cells overexpressing hbest1. The contribution of bestrophin 1
and 2 to the CaCC current in mouse airways was studied. Ussing chamber recordings
showed that low concentrations of the purinergic agonist ATP (0.1-1uM) evoked larger short
circuit currents (Isc) in tracheas of wild type (best1+/+) mice, when compared to tracheas of
best1 knockout (best1-/-) mice. Patch clamp analysis revealed that ATP-induced whole cell
currents in primary epithelial cells from best1-/- tracheas were half as the size of those
recorded from best1+/+ cells. Besides, short interfering RNA (siRNA) targeting mbest2
reduced ATP-induced whole-cell currents in both best1-/- and best1+/+ cells. Moreover,
siRNAs suppression of mbest1 reduced Ca?*-activated CI” currents in best1+/+ cells. Cells

patch clamped in the presence of different Ca**-free intracellular solutions, also showed
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larger Ca®*-activated CI” currents in best1+/+ than in best1-/- mice. These and other results
suggest that bestrophin 1 and 2 are necessary components of the Ca®"-activated CI

secretion in mouse trachea.

The quaternary structure of bestrophins as well as their cellular localization is of fundamental
importance for the understanding of their physiological role. Here, we show a molecular and
functional interaction and a colocalization of hbest1 with hbest2 and hbest1 with hbest4,
when overexpressed heterologously in HEK293 cells, or for airway epithelial cells expressing
endogenous bestrophins. Immunohistochemistry reveals strong plasma membrane
expression of hbest2 and hbest4, but weak plasma membrane expression for hbest1, which
seems to be localized in the endoplasmic reticulum according to confocal microscopy.
Expression of either hbest2 or hbest4 but not hbest1 or hbest3, induce baseline anion
conductances upon expression in HEK293 cells. Upon ATP stimulation, the baseline
conductance is increased in cells expressing hbest1 and hbest3 but remains unchanged in
hbest2- and hbest4-expressing cells. In addition, coexpression of hbest1 or hbest3 largely
attenuated the large baseline conductance induced by hbest2 and hbest4. This indicates that
bestrophin paralogs interact with each other and form heterooligomers. Although, hbest1 has
been proposed to regulate voltage-gated Ca®* channels, we observed no gross changes in

ATP-dependent intracellular Ca** signaling upon expression of bestrophins.

It is known that ion channels play important roles in cell proliferation. In contrast to K*
channels, for which vast amounts of information exist regarding their participation in
tumorigenesis, and which have even been documented as potential drug targets,
involvement of Ca®*-activated CI" channels in cell proliferation has been scarcely tackled. A
high baseline CI" conductance coincides with high endogenous expression of hbest1 in fast-
growing colonic carcinoma (Tss4) cells, whereas low baseline CI" conductance and low
endogenous hbest1 expression are present in slow-growing Tg, cells. siRNA for hbest1
inhibits proliferation of fast-growing Tg4 cells, while in slow-growing Tg4 cells siRNA has no
effect on proliferation. In contrast, overexpression of hbest1 in slow-growing cells induces

fast proliferation.

In summary, the present study examines the physiological role of the putative Ca**-activated
CI" channel bestrophin. Our results demonstrate that bestrophins enable Ca®*-activated CI°
secretion in different epithelia. Although we present clear evidence that bestrophins induce
lcica, Our work does not directly address the question whether these proteins form the CaCC
pore themselves or are accessory regulatory proteins. We also present evidence for

functional and molecular interaction of bestrophin paralogs, presumably acting as
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heterooligomers. Finally, we settle a direct correlation between best1 expression and CI
currents and cell proliferation, which may be useful to understand of the role of Ca** and

volume regulated CI" channels in cell proliferation.
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Zusammenfassung

Ca**-aktivierbare Cl-Kanadle (CaCCs) sind an einer Vielzahl wichtiger physiologischer
Prozesse beteiligt, wie z.B. transepithelialem Transport, Weiterleitung von Geruchs- und
Geschmacksreizen, neuronaler und kardialer Erregbarkeit und Fototransduktion. Diese CI
Kanale spielen ebenso eine Rolle bei Krankheiten wie der Mukoviszidose, der sekretorischen
Diarrhoe und der polyzystischen Nierenerkrankung. Obwohl epitheliale CaCCs seit mehr als
zwei Jahrzehnten untersucht werden, ist Gber ihre molekularen Eigenschaften und ihre
physiologische Rolle noch sehr wenig bekannt. Bisher vermutete Kandidatenproteine
erflllten nicht die ndtigen Anforderungen, um sie als CaCCs in Betracht zu ziehen. Im
Gegensatz dazu konnte gezeigt werden, dass Proteine der Bestrophinfamilie eine Ca?*-
aktivierte CI' Leitfahigkeit in Expressionssystemen induzieren. Die Eigenschaften dieser
Leitfahigkeit sind denen der Ca*-aktivierten CI" Leitfahigkeit in nativen Geweben sehr
ahnlich. Bestrophin 1 (best1), das Genprodukt der ,vitelliform macular dystrophy type 2°
(VMDZ2), ist im Pigmentepithel der Retina (RPE) exprimiert, wo es vermutlich die CI
Leitfahigkeit und damit die Homoostase der Retina reguliert. Mutationen des Bestrophin 1-

Gens fiihren zur so genannten Bestschen Maculadystrophie.

Allerdings herrscht noch Unklarheit darliber, ob die Ursache fiir die Bestsche Erkrankung
tatsachlich eine CI° Kanal-Dysfunktion ist, unter anderem deshalb, weil mbest1
Knockoutmause (best1-/-) keinen pathologischen ophthalmologischen Phanotyp aufweisen
und normale CI” Stréme im RPE zeigen. Andererseits wurde vermutet, dass die Aktivitat von
spannungsabhangigen Ca®* Kanalen im RPE durch Bestrophin reguliert wird. Es ist somit ein
wichtiges Anliegen, die exakte zellulare Rolle der Bestrophine zu klaren und zu untersuchen,
ob Bestrophine auch zur Funktion der Ca®'-aktivierten Cl-Kandle in anderen Geweben

beitragen koénnten. Diese Fragen wurden in der vorliegenden Arbeit untersucht.

Wir konnten zeigen, dass Bestrophin 1 neben dem Pigmentepithel auch in anderen
epithelialen Geweben, wie den Luftwegen, der Niere und im Colon exprimiert wird, wo es zur
Ca?*-aktivierbaren CI” Sekretion beitragt. Die endogene Expression von best1 in humanen
und murinen Epithelzellen ging mit endogenen Ca®*-aktivierbaren CI" Strémen (Igica) einher,
wohingegen in epithelialen Geweben ohne best1-Expression kein lcica messbar war. Dartiber
hinaus lie3 sich Igc, in HEK293 Zellen, welche hbest1 (berexprimierten, durch ATP
aktivieren. In sogenannten Ussing-Kammer Experimenten wurde beobachtet, dass geringe
Konzentrationen des purinergen Rezeptoragonists ATP groRere Kurzschlussstrome (lsc) im

Trachealepithel von Wildtypmausen (best1+/+) erzeugte als in Geweben von
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Knockoutmausen (best1-/-). Patch-Clamp Messungen zeigten, dass die ATP-induzierten
Ganzzellstrome in primarkultivierten Epithelzellen der Trachea von Knockouttieren nur halb
so grof’ waren wie die in Zellen von Wildtypmausen. Untersuchungen mit inhibitorischer
siRNA fir best1 und best2 deuteten darauf hin, dass in Trachealepithelzellen sowohl best1
als auch best2 an der Entstehung der Ca®*-aktivierten CI -Leitfahigkeit beteiligt sind. Bei
Variierung der zytosolischen Ca?*-Aktivitat durch die Pipettenlésung zeigte sich, dass der
Ca?-abhangige CI' Strom bei Wildtypzellen groRer war als bei Knockoutzellen.
Zusammenfassend sprechen diese Daten dafur, dass Bestrophin 1 und Bestrophin 2
notwendige Komponenten der Ca?-aktivierbaren CI° Sekretion in der Mé&usetrachea

darstellen.

Die Quartarstruktur der Bestrophine sowie deren subzellulare Lokalisation werden derzeit
kontrovers diskutiert. Die vorliegenden Ergebnisse zeigen eine molekulare und funktionelle
Interaktion und Kolokalisation der Bestrophine 1, 2 und 4 in Uberexprimierenden HEK293-
Zellen und in Epithelzellen der Luftwege, welche Bestrophine endogen exprimieren. In
immunhistochemischen Untersuchungen wurde eine deutliche Membranexpression fiir
hbest2 und hbest4 beobachtet, welche fiir hbest1 kaum vorhanden war. Lokalisationsstudien
mit konfokaler Mikroskopie zeigten, dass hbest1 vor allem im endoplasmatischen Retikulum
lokalisiert ist und nur im geringen Ausmall in der Plasmamembran liegt. Gleichwohl
induzierte die Expression von hbest1 oder hbest3 eine ATP-stimulierbare CI-Leitfahigkeit.
Uberraschenderweise fiihrte die Expression von hbest2 oder hbest4 zu einer groRen basalen
CI-Leitfahigkeit, die nicht durch ATP-Gabe verandert wurde. Die hbest2/hbest4 induzierte
basale Leitfahigkeit wird durch Koexpression mit hbest1 oder hbest3 signifikant verringert.
Diese Daten =zeigen, dass Bestrophin Paraloge miteinander interagieren und dabei
heterooligomere Komplexe ausbilden. Obwohl an anderer Stelle die Regulation von
spannungsabhéngigen Ca?'- Kanalen berichtet wurde, fanden wir keinen Einfluss der

Bestrophin-Expression auf ATP-abhangige intrazellulare Ca®* Signalwege.

lonenkanéle spielen eine Rolle bei der Zellproliferation. Wahrend der Einfluss von K*
Kanalen auf die Tumorgenese gut untersucht ist, gibt es nur wenige Daten zur Beteiligung
von CaCCs an der Zellproliferation. Wir untersuchten daher die Rolle von Bestrophinen flr
die Zellproliferation. Schnell wachsende Kolonkarzinomzellen (Tg4) mit hoher endogener
hbest1-Expression zeigten eine erhohte basale CI Leitfahigkeit, wahrend langsam
wachsende Tg4 Zellen mit geringer endogener hbest1-Expression eine niedrige basale CI
Leitfahigkeit aufwiesen. siRNA flr hbest1 inhibierte die Proliferation von schnell wachsenden
Tgs Zellen, nicht aber die von langsam wachsenden Kolonkarzinomzellen. Umgekehrt wird

die Proliferation von langsam wachsenden Kolonkarzinomzellen durch die Uberexpression
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von Bestrophin 1 erhoht. Diese Beobachtungen sprechen dafiir, dass hbest1 zur Entstehung
einer CI" Leitfahigkeit in Tgs-Zellen beitragt, die vermutlich das Proliferationsverhalten der

Zellen beeinflusst.

Zusammenfassend zeigen die vorliegenden Ergebnisse, dass Bestrophine zur Entstehung
der Ca*-aktivierten Cl-Leitfahigkeit in Expressionssystemen und nativen Epithelien
beitragen. Allerdings erlauben die Daten noch keine sicheren Ruckschlisse, ob diese
Proteine selbst porenbildend sind oder als Regulatoren oder Adapterproteine funktionieren.
Die verschiedenen Mitglieder der Bestrophinfamilie interagieren miteinander und bilden
vermutlich heteromere Proteinkomplexe. Eine eindeutige physiologische Funktion konnte
den Bestrophinen bisher noch nicht zugeschrieben werden. Unsere Untersuchungen an Tgs-
Kolonkarzinomzellen sprechen dafiir, dass Bestrophine nicht nur einen Einfluss auf die CI
Leitfahigkeit haben sondern ihre Expression auch das Proliferationsverhalten der Zellen

modifizieren kann.
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Chapter 1

General introduction

Chloride channels

lon channels are integral membrane proteins which allow the passive flow of ions across
biological membranes. Passive diffusion of negatively charged ions along their
electrochemical gradient is made possible through anion channels. Because chloride (CI) is
the most abundant anion in living organisms and consequently the predominant permeating
halide under physiological conditions, anion channels are often referred to as CI" channels.
Chloride channels can be grouped into the following four categories according to their gating
mechanism: voltage-gated CI" channels, summarized in the large CLC family of genes;
ligand-gated CI" channels, which are activated upon extracellular binding of glycine or y-
aminobutyric acid (GABA); cystic fibrosis (CF) transmembrane conductance regulator
(CFTR) CI" channel, activated upon phosphorylation by protein kinase A and binding of
intracellular ATP; volume-regulated anion channels (VRACs) or “swelling-activated” CI
channels and Ca?**-activated CI channels (CaCCs) (28;52). To date, little is known about the

putative intracellular CI" channel (CLICs) family.

Physiological role of chloride channels

The physiological implications of CI" channel function can be subdivided into three main
groups: (i) regulation of electrical excitability, (ii) cell volume regulation and ionic homeostasis

and (iii) transepithelial transport.

(i) regulation of electrical excitability

The voltage-gated CI" channel CLC-1 stabilizes the resting potential of skeletal muscle. Thus,
the loss of this channel leads to intrinsic muscle hyperexcitability, a condition known as
myotonia (52). In contrast, in smooth muscle cells, the opening of CI" channels causes
membrane depolarization which allows calcium (Ca?*) entry through voltage-gated Ca**
channels (VGCCs). This is particularly important for vascular responses to mechanical stress
or modulators such as norepinephrine (53). Furthermore, neuronal responses to
neurotransmitters such as glycine and GABA depend on the intracellular CI" concentration

([CI5). Since gycine and GABA receptors are ligand-gated CI" channels, passive influx or
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efflux of CI" can therefore lead to excitatory or inhibitory responses depending on the

electrochemical potential for CI'.

(ii) cell volume regulation and ionic homeostasis

CI" channels play a key role in controlling cell volume. For instance, under extracellular
hypotonic stress, the opening of swelling-activated K* and CI” channels results in a net efflux
of salt which ensures that the cells retain their original volume (52). Another important
function of CI' channels is to maintain the ionic composition of the cytoplasmatic fluid. Na*/ H*
and Na® HCO3/ H* CI" exchangers involved in cellular pH control need a parallel CI” shunt for
CI" recycling. In addition, in order to preserve electroneutrality, some H*-ATPases also need

a synchronized CI” channel function.

(iii) transepithelial transport

Vectorial movement of salt and fluid across epithelia depends on CI" channels and is largely
governed by their distribution in the membrane together with active CI" uptake mechanisms.
For instance, in the thick ascending loop (TAL) of Henle, luminal expression of Na*-K*-2CI
(NKCC2) cotransporters and K* channels causes an increase in intracellular levels of CI,
which then leaves the cells through basolateral CI' channels, therefore ensuring CI
reabsorption in the TAL. In contrast, in secretory epithelia such as airways, acinar cells and
intestine, Na*-K*-2CI" cotransporters together with K* channels are located basolaterally (52).
Polarized expression allows these tissues to actively secrete CI” through apical membrane CI
channels. In intestinal crypt cells, CI" transport is mediated by apical CFTR CI" channels. In

acinar cells of most glands, the apical CI” channel is activated by intracellular Ca®* (95).

Ca**-activated CI' channels

Unlike the majority of CI" channels, the molecular counterpart of CaCCs remains unknown.
CaCCs are anion-selective channels that are activated by intracellular increases of Ca?".
They were first described in Xenopus oocytes in the early 1980s and later found in many
other cell types, such as vascular endothelial cells, neurons, olfactory and photo-receptors,
smooth and cardiac muscle cells and in various epithelial cells. A variety of physiological
functions has been demonstrated in relation to the widespread expression of CaCCs. These
include fertilization of the oocyte, regulation of neuronal and cardiac excitability, taste and
olfactory transduction, regulation of smooth muscle tone and transepithelial fluid transport
(46;63).

Three main biophysical fingerprints characterize CaCCs. Firstly, they are activated by

intracellular Ca®" with half-maximal concentrations for activation in the submicromolar range.
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In many epithelial cells, intracellular Ca** that activates CaCCs is derived from Ca®" release
from intracellular stores or Ca?" influx through store-operated Ca®* channels (SOC).
Depending on the cell type, Ca** activates CaCCs either directly by binding to the channel,
indirectly through Ca?*-binding proteins or via phosphorylation through Ca?*/calmodulin-
dependent protein kinase Il (CaMKIl). The existence of these mechanisms suggests an
underlying molecular diversity of CaCCs. Direct Ca®* gating presumes that the channel
contains Caz+-binding motifs like EF-hands, C2 domains or Ca®*-bowl motifs, similar to those
present in large conductance potassium channels. However, this assumption has been

questioned because of the apparent lower affinity of CaCCs for Ca®* (8).

Nonetheless, evidence exists in favor of the idea that CaCCs are directly gated by Ca*. In
inside-out and excised membrane patches from hepatocytes, Xenopus oocytes and acinar
cells isolated from pancreas and parotid glands, rapid application of Ca?* on the cytosolic
side of inside-out oriented patches quickly activates CaCCs even in the absence of ATP (65).
Further evidences supporting a direct binding of Ca®* to the channel protein are obtained in
excised patches from salivary gland acinar cells and pulmonary endothelial cells, in which
rundown of channel activity was not observed. Moreover, application of peptide inhibitors of
calmodulin (CaM) and CaMKIlI to rat parotid acinar cells did not prevent CI" current activation

by ionomycin-mediated [Ca®"]

increase (46). It has also been reported that some CaCCs are
gated by channel phosphorylation involving CaMKII. For instance, it has been shown that in
some cell types such as human colonic carcinoma cells (Tgs or HTy), airway cells, T
lymphocytes, human macrophages, biliary epithelial cells and in Xenopus oocytes, treatment
with calmodulin inhibitors decreased Ca*"-activated CI" currents (lcica) (46). Interestingly,

phosphorylation by CaMKII results in CaCCs inactivation in tracheal smooth muscle (140).

The second main feature that characterizes CaCCs is their poor ion selectivity (52). In
general, selectivity is understood as the ability of an ion channel to select among various
ions. The binding site for ions and the geometry of the channel seem to be crucial for ion
selectivity (144). Unlike voltage-gated K* channels that exhibit >100-fold selectivity for ions
that differ in radii by less than 0.5 A, CaCCs select only approximately 10-fold between ions
that differ in radii by 1.5 A (105). Although CaCCs are more selective for anions than for
cations, they poorly discriminate between anions, displaying a selectivity sequence similar to
that of Eisenman type | (SCN" > I > Br > CI' > F’) (28;46). In addition, selectivity can also be
estimated by comparing permeability or conductance ratios. Briefly, permeability is defined
as the ability of an ion to move from the aqueous environment and enter the channel, while
conductance is the ability of an ion to pass through the channel and emerge into the aqueous

environment on the other side of the membrane (21). For CaCCs, the relative permeability is
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related to hydration energy (105). Thus, larger ions which have a lower effective charge
density and hence lower hydration energies are relatively more permeant than smaller ions.
Yet, in terms of conductance, larger ions are also less conductive than smaller ones because
they become stuck in the pore, even though they enter the channel more easily (21). The
relative permeability and conductance sequence for CaCCs is quite different. Whereas the
conductance exhibits a bell-shaped relationship to hydration energy, permeability displays an
exponential dependence on hydration energy. In general, it seems that the ionic selectivity of
CaCCs can be explained by a mechanism in which ion entry into the channel is ruled by the

partitioning of anions into a barrel with a relatively high dielectric constant (46).

The kinetics of activation by Ca? constitute the third major biophysical fingerprint
characterizing CaCCs. Typical macroscopic currents from CaCCs are voltage- and time-
dependent at subsaturating Ca*" concentrations (<1 pM). At these low physiological Ca*
levels, the current activates slowly at positive potentials and deactivates fast at negative
potentials (28). The resulting steady-state current/voltage (i/v) relationship is outwardly
rectifying at low [Ca®']; (<500 nM) (46;65). However, at high Ca®* levels (>1 uM), voltage and
time dependence disappear and the current-voltage curve becomes progressively linear.
Both, the apparent open probability of CaCCs and the apparent affinity of CaCCs for Ca®*

2], the shape of the ilv

are voltage-dependent. This last feature may explain why at low [Ca
curve is outwardly rectifying. It is possible that positive voltages cause conformational
changes of the Ca*-binding site to favor interaction with Ca?* and thus increase channel
opening. In contrast, at high Ca®* levels, Ca?*-dependent gating predominates over the entire

voltage range, thereby resulting in a linear i/v relationship (28;65).

Diversity of Ca®*-activated CI" channels

Apart from the underlying molecular diversity of CaCCs, suggested by the differences in their
mechanisms of regulation, namely their direct gating by Ca?* or by CaMKII phosphorylation,
CaCCs widely differ in their single channel conductance properties (1-310 pS) and in their
sensitivity to inhibitors. According to the single channel conductance, there appear to be five
different types of CaCCs in different cell types. Small-conductance (1-3 pS) CaCCs have
been described in various cell types including arterial smooth muscle, endocrine cells,
Xenopus oocytes and cardiac myocytes (46). 8 pS channels with linear i/v relationships were
observed in pulmonary artery endothelial cells (52;88) and hepatocytes (46). Calmidazolium-
sensitive CaCCs, exhibiting a 15 pS single channel conductance and a linear i/v relationship,
were also found in colon (84). Members of a fourth group, the intermediate conductance (40-

50 pS) CI' channels, have been observed in Jurkat T cells, Xenopus spinal neurons and
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airway epithelial cells and are outwardly rectifying (34). The large conductance (310 pS)
maxi-CaCC comprises the fifth group and were described in Xenopus spinal neurons

showing a marked voltage-dependent inactivation above and below +/- 20 mV.

Pharmacology

The molecular identification of CaCC has been seriously hampered in part by the lack of
specific and potent channel modulators. In physiology, the foremost application of specific
blockers is to selectively suppress one type of ion channel in a complex background of ion
conductance. They are also useful in deciphering the pore structure of ion channels as well
as in the analysis of tissue distribution. Unlike cation channels, for which highly specific

channel blockers are available, the pharmacology of anion channels is quite disappointing.

Among the most common blockers for native CaCCs are the closely related fenamates
compounds, such as niflumic acid (NFA) and flufenamic acid (FFA) and the disulfonic
stilbene DIDS. In Xenopus oocytes, both fenamates inhibit Ca**-activated CI" currents (lcica)
at concentrations in the range of 10 uM (106). Similarly, 10 uM of NFA significantly reduces
the ATP-induced CI transport in mouse tracheal epithelium (11). In contrast to this apparent
potency and specificity, studies in guinea-pig and rat myocytes revealed that NFA not only
blocks CaCCs but also VRACs and K* channels (25). In addition to its blocking effect, in
smooth muscle NFA also seems to interact with molecules involved in signal transduction,
leading to lgca activation at negative voltages (99). Due to these ambiguous effects, NFA is
far to be considered a perfect tool to probe endogenous lcica. DIDS is another potent blocker
commonly used in mammalian cells (11;52). As it will be discussed latter in chapters 2 and 3,
DIDS, at micromolar concentrations (100-200 uM), also reduces ATP-induced CI currents in
mouse trachea and in 16HBE cells (10;11). Other CI" channel blockers, including tamoxifen,
glibenclamide, 4-acetamido-4’-isothiocyanatostilbene-2,2’-disulfonic acid (SITS), 5-nitro-2-(3-
phenylpropylamino)benzoic acid (NPPB), anthracene-9-carboxylic acid (A9C) and (DPC) are
less effective than flufenamate and DIDS in blocking CaCCs. Furthermore, CI" channel
blockers such as fluoxetine and mefloquine seem to be more effective on VRACs than on
CaCCs.

Fortunately, novel chemical classes of CaCCs inhibitors are emerging at the horizon,
developed currently in the laboratory of A. Verkman (22). In an ambitious high-throughput
screening, they successfully identified two classes of small molecules that potently block
endogenous CaCCs from HT, and Tg cells. The screening is based on suppression of

ATP/carbachol-stimulated iodide influx in the above mentioned cells. Particularly in HTxg
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cells, the aminothiophenes (3-acyl-2-aminothiophenes) and aminothiazoles (5-aryl-2-
aminothiazoles) were able to inhibit more than 95% of the iodide influx in response to
multiple Ca®*-enhancing agonists. Interestingly, the inhibition did not interfere with agonist-
induced intracellular Ca®* elevation or calmodulin (CaMKII) phosphorylation, suggesting a

direct targeting of CaCCs rather than affecting upstream signaling mechanisms (22).

Role of Ca%*-activated CI" channels

As briefly outlined above, CaCCs are implicated in a variety of important physiological
processes in different tissues and cell types. For instance, in Xenopus oocytes, blockade of
polyspermy is achieved through activation of lcca, Which causes the so-called fertilization
potential (142). Sperm entry during fertilization triggers Ca* release from internal stores,
which in turn activates CaCCs, producing a depolarization of the cell membrane (the
“fertilization potential”’). However, Ca?* release from internal stores mediated by inositol
1,4,5-trisphosphate (IP3) is not sufficient to maintain for sustained periods the depolarization
necessary to avoid polyspermy. Continuous depolarization is ensured by a tightly-coupled
mechanism that upon Ca?* store depletion activates Ca?* influx through stored-operated Ca**
channels (SOCs), which further contributes to CaCC stimulation (45;65).

CaCCs are also involved in regulating neuronal and cardiac excitability (87;153). They are
expressed in a variety of neurons where they are presumably implicated in membrane
oscillatory behavior, repolarization of the action potential and generation of after-
polarizations. In particular, neurons from the dorsal root ganglion (DRG) that sense skin
temperature, touch, muscle tension and pain express CaCCs. Similarly, a fraction of spinal
cord neurons express CaCCs suggesting some specific role in neuronal function (33). During
the action potential, opening of CaCCs does not dramatically change the membrane potential
but it contributes to accelerate repolarization, resulting in limited firing and trains of action

potentials (46).

The relevance of CaCCs in controlling cardiac excitability is unquestionable (49;154). For
instance, dogs genetically predisposed to cardiac sudden death have abnormal outward
currents suggesting a role for CaCCs in cardiac sudden death. Furthermore, during Ca*
overload, arrhythmogenic transient inward currents generated by CaCCs might unleash
oscillatory after-potentials resulting in serious cardiac arrhythmias in these animals (49). In
smooth muscle cells in which the equilibrium potential for CI" (Ec)) is approximately -20 mV,
opening of CI" channels results in membrane depolarization (133). In these cells, stimulation

2+]i

of adrenergic receptors by norepinephrine increases [Ca“’]; levels which in turn stimulates CI’

efflux through CaCCs, leading to membrane depolarization and smooth muscle cell
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contraction (46). In a positive feedback loop, this depolarization further activates VGCCs,
thereby raising Ca?" entry and additional muscle contraction. The role of CaCCs in smooth
muscle contraction has been authenticated by using different CaCC blockers, including A9C

and NFA which reduced or blocked muscle contraction (46;68).

CaCCs also play a role in mammalian and amphibian taste transduction (46;114). It is
thought that upon taste stimuli, CaCCs may play a role in discriminating chloride salts from
salts of other anions and therefore help to shape receptor cell responses elicited by taste
stimuli (78). In taste receptor cells from Necturus maculosus, activation of CaCCs during
action potentials results in a hyperpolarization of these cells since Eg is between -60 and -80
mV. Hence, it is hypothesized that this hyperpolarization contributes to chemosensory taste
adaptation (114). Ciliary membranes of olfactory receptor neurons from a variety of species,
including frog, newt, rat, fish and salamander express CaCCs that play a key role in
transduction of olfactory stimuli. Odorant molecules bind to G protein-coupled olfactory
receptors and this interaction triggers the activation of adenylate cyclase which in turn
enhances cAMP levels in the ciliary cells. Cyclic AMP-stimulation of cyclic-nucleotide-gated
channels located in the ciliary membrane, leads to a depolarizing influx of Na* and Ca?".

Both, depolarization and elevation of [Ca?"];

cause CI efflux through CaCCs which augments
membrane depolarization. It has been postulated that the feedback mechanism ensured by
CI" efflux upon CaCC stimulation serves as an amplification system of the odorant activated
current (98). Physiologically, this amplification could serve to increase the sensitivity to
odorants (46). The precise role of CaCCs in photoreceptors remains obscure. It has been
suggested however that they could function in membrane potential stabilization by
counteracting the depolarization induced by Ca? entry through VGCC (150). The
contribution of CaCCs in rods is unknown but it has been pointed out that in cones they could

play a role in modulating lateral inhibition (46).

The presence and role of CaCCs in gland acinar, duct and pancreatic cells are crucial and
have been extensively documented (5;79;86). These tissues secrete a NaCl-enriched fluid
upon stimulation with the neurotransmitter acetylcholine. Stimulation of the muscarinic
receptor increases IP; production that triggers a release of Ca?* from the stores. This rise in
[Ca*; levels turns on CaCCs and hence a luminal CI secretion. The efflux of CI" drives the
movement of Na* and drags water, resulting in a net salt fluid secretion. Thus, the activation
of CaCCs is a key element in the initiation of the secretory process and their opening and

closing may explain the oscillations in cell volume observed during stimulation (5).
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Contribution of CaCC to epithelial CI" secretion

Epithelial salt and fluid transport is a complex phenomenon involving a large number of
hormones, serosal and luminal transmembrane receptors, agonists and intracellular signaling
molecules involved in downstream regulation of transport proteins and ion channels. The
importance of Ca®*-dependent CI" channels in this dynamic molecular network is highlighted
by its abundance and diversity along most epithelia. In this context, the presence and
consequently the role of CaCCs for fluid and salt secretion in epithelia are indisputable
(46;63;133) (Fig. 1).

Luminal Basolateral
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Fig. 1. Cell model for CI" secretion in airways and proximal colonic epithelial cells. Two major
pathways for salt transport are ensured by cAMP-activated CFTR CI" channels [adenosine (ADE) in
airways, prostaglandin (PGE,) in the colon] and by CaCC [P2Y, in airways, carbachol (CCH) in the

colon].
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CaCC in the colon

Although colonic epithelium is mainly an absorptive epithelium, electrolyte secretion, that
facilitates transport of mucus out of the crypts and maintains its hydration, constitutes also a
major task. CaCCs can be easily detected in cultured colonic cells like Tg4 and HT,g (60). In
murine native colon however, Igca can only be found in the proximal section (11;101)
whereas CI secretion in rectal and distal colon are governed primarily by CFTR (60). The
importance of CaCCs in the intestine became more apparent in a study in which Igc, Was
demonstrated in a CFTR knockout (CFTR-/-) mouse model. Despite the lack of CFTR-
dependent CI” secretion in these mice, a normal survival rate and no signs of any intestinal
pathology was observed, most likely due to the presence of CaCCs (116). Finally, it was
found that CaCCs follow an age-dependent expression pattern (60). According to this study,
in pups of CFRT-/- mice, CI secretion was induced by carbachol in the small intestine, which
suggests the presence of a Ca**-dependant CI secretion. In addition, the rotavirus toxin
NSP4, which also induces severe diarrhea in infants and young animals, inhibits absorption
and stimulates Ca®*-mediated CI" secretion in non-CF and CF mouse pup crypts (7;60).
Thus, CI transport induced by NSP4 was largely reduced in CF and non-CF mice, implying
an age-dependant expression of CaCC with only a small contribution of these channels to CI

secretion in adult mice.

Relevance of CaCC in the kidney

The presence of CaCCs in the renal epithelia is controversially discussed (46;63;69). CaCCs
are widely expressed in primary cultures from rabbit distal and proximal convoluted tubule,
thick ascending limb and cortical collecting duct; as well as in the mouse collecting duct cell
line (M1) and primary and cell-line derived intramedullary collecting duct (IMCD). However, a
role of these channels in the native cortical collecting duct (CCD) principal cells is far from
being proven (11;69). This situation resembles the above mentioned studies in intact distal
colonic epithelia where CFTR is the only luminal CI" channel mediating CI secretion, whereas
cultured colonic epithelia like HT,9 and Tg4 cells have CI secretion mediated by CaCCs, in
addition to CFTR. Moreover, since CaCCs gating is hormonally controlled, it is speculated

that they might play a role in fine-tuning the urine composition.
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CaCC in airways

Airway epithelia use active salt transport to modulate the volume of the airway surface liquid
(ASL) which in part determines the efficiency of mucus hydration and clearance. Adequate
mucus clearance has been proposed as the primary innate defense of airways against
infections (54). This is largely accomplished by the active presence and interplay of CFTR
and CaCCs, the most abundant CI" channels in the apical membrane of airways. Regulation
of purinergic P2Y receptors (P2Y-R) plays a crucial role in controlling ion and fluid movement
across epithelia. ATP and UTP stimulate G4-coupled purinergic receptors and this leads to
an increase in IP; levels, subsequent Ca® release from the stores and CaCC activation (61).
Purinoceptor activation can also lead to CFTR activation through a PKC-dependent
mechanism. Furthermore, airflow due to normal tidal breathing confers shear stress on
airway surfaces which release ATP. Ecto-5 nucleotidases quickly degrade ATP to
adenosine, which also activates CFTR via A2B receptors (136) (Fig. 1). In contrast to CFTR,
Ca®*-activated CI" secretion is much more transient, in part due to the lack of activation of
basolateral CI" uptake by the NKCC1 cotransporter. Probably, the basal level of the ASL is
controlled by CFTR, whereas CaCCs seem to acutely regulate the height of the liquid layer in
response to agonists. The contribution of CaCCs to the airway liquid layer homeostasis in
murine airway epithelium could explain the lack of a lung phenotype in CF mouse models
(18). One of the hallmarks of CF is the accumulation of viscous, sticky mucus on airway
surfaces as a result of Na® hyperabsorption because of deinhibition of the epithelial Na*
channel and hyposecretion of CI" due to loss of apical CFTR function (54). It has been
postulated that activation of apical CaCCs could be a feasible therapy for cystic fibrosis.
However, this idea has been handicapped by the lack of specific activators of CaCCs and the

uncertainty of the molecular counterpart of these channels (28;137).

Molecular identity of CaCC

Although Ca?*-activated CI" currents (lcica) have been studied phenomenologically for more
than 20 years and the sequences of genes encoding the mysterious Icc, are present in the
database generated in the course of genome projects, the “real” CaCC has not yet been
identified. Considering the wide variety of cation channels that have been cloned and
thoroughly characterized, it seems bizarre that the molecular counterpart of CaCC is still a
matter of controversy. As previously outlined, there are technical problems that slow the
cloning of CaCC. First, expression cloning of CaCC in Xenopus oocytes is complicated by
the huge background Igc, present in these cells. Furthermore, the available blockers to

discriminate CaCC from other CI" currents are rather non-selective and non-specific. None of
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the CI' channels already cloned, including CFTR, ligand-gated anion channels and the CLC
family, have properties resembling those described for CaCCs. There are presumably four

molecular prospects intended to be CaCCs.

The putative Ca?* activated CI" channel CLCA family, cloned from bovine trachea (20), has
been heterologously expressed in different cell types, where it produced an anion current
activated by ca* (94). However, low voltage and Ca* sensitivity compared to native Igca,
and the fact that one of the family member (hCLCA3) is actually secreted, brought about
fundamental questions around CLCA being the molecular counterpart of CaCCs (28;46). The
relatively newly identified human tweety homologs (hTTYH2 and hTTYH3) genes
corresponding to Ca**-activated maxi-CI" channels (>260 pS) are unlikely epithelial CaCCs
since native epithelial CaCCs are of small conductance (131). The CLC-3 CI" channel, which
is regulated by Ca®*, activated by CaMKII and cell swelling has also received attention as a
CaCC candidate. However, CLCn3-/- mice exhibit Ca2+-dependent CI" conductances similar
to those of wild type mice (52). The putative intracellular CI" channel (CLIC) parchorin has
received little consideration, despite its pronounced expression in secretory tissues. Its
amphiphilic properties, small size, a single putative transmembrane domain, and lack of
evidences for Ca*" dependency, set this molecule apart from CaCCs (52;83). More than half
a decade ago, Nathan’s group proposed for the first time that bestrophins comprise a new
family of CI" channels (130).

Bestrophins

The fact that some members of this family are activated by physiological Ca®* concentrations
and mutations of certain amino acids alter the permeability and conductance properties, led
to the conclusion that bestrophins comprise the molecular counterpart of at least a subgroup
of CaCCs. This conclusion is strengthened by the finding that interfering RNA (RNAI)
targeting bestrophin transcripts can suppress endogenous CI currents from different cell
types (11;110).

Nomenclature, Bestrophin 1 gene and mutations

The human genome has four bestrophin paralogs (hbest1, hbest2, hbest3, and hbest4)
(139). All other mammals have either three or four bestrophin paralogs. For instance, mouse
contains three paralogs (mbest1, mbest2, mbest3) and one pseudogene (55). Recently,
HUGO Genome Database nomenclature committee has recommended for the mammalian

bestrophins the following nomenclature systems: best-1, -2, -3, and -4 (130;139) and VMD2,



Introduction 12

VMD2L1 (VMD2-like protein 1), VMD2L2, and VMD2L3 (48;55). Human bestrophin 1 (best1)
is encoded by the vitelliform macular dystrophy type 2 (VMD2) gene located on chromosome
11913 (97). Mutations of best1 gene cause the Best Vitelliform Macular Dystrophy (BVMD)
(97), an inherited autosomal dominant macular degeneration. In addition, patients with adult-
onset vitelliform macular degeneration (AVMD) and autosomal dominant
vitreoretinochoroidopathy (ADVIRC) have mutations in best1 (55;149). Recently Guziewicz
and colleagues defined a canine bestrophin-related mutation: the canine multifocal
retinopathy (44). To date, there are about 106 best1 mutations that have been associated

with diseases.

Structure-function of bestrophins

Two different topology models have been proposed for best1 (81;139). According to the first
model, 4 transmembrane domains out of 6 hydrophobic domains predicted by hydropathy
profile, (TMD1, 2, 4, 6) cross the membrane, with TMD3 facing the cytosol and TMD5 as a
re-entrant loop (139) (Fig. 2A). In the second model, in contrast, TMD1, 2, 5 and 6 are
allowed to insert into the membrane while TMD3 and 4 are located in the cytosol (81) (Fig.
2B). Although these two models are basically contradictory, they share common features that
aid our understanding of the insertion of best1 in the membrane. Artificial constructs may,
however, not fold or enter the membrane like the native protein would. Nonetheless, at least
the highly conserved N-terminal 350 amino acids, which include all the predicted TMDs

among bestrophins, suggest similar topology for all vertebrate bestrophins (48).

A

Fig. 2. Membrane topology models of bestrophin 1. A) Bestrophin 1 model suggested by Tsunenari
et al. (139). Four segments traverse the membrane (TMDs1, 2, 4 and 6) with TMD5 as a re-entrant
loop and TMD3 facing the cytosol. B) Bestrophin 1 model suggested by Milenkovic et al. (81). Four
segments traverse the membrane (TMDs1, 2, 5 and 6) but differ from the previous one in that TMDs 3
and 4 are thought to form relatively hydrophobic cytosolic loops. Both models locate the N and C

termini on the cytosolic side.
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Since many ion channels are oligomers, it is reasonable to assume that also bestrophins are
oligomeric. According to Sun et al. (130), bestrophins form tetramers and pentamers when
expressed heterologously in human embryonic kidney (HEK) cells. In particular, best1 could
exist as a homomeric tetramer or pentamer and also associate with human bestrophin 2
(hbest2), thereby raising the possibility that they could also co-assemble in heteromeric
structures. However, the hydrodynamic studies of Stanton et al. (126) concluded that native
bestrophin 1 isolated from porcine retinal pigment epithelial (RPE) cells only forms dimers
(126). In order to find the reason of this discrepancy, they over-expressed pig bestrophin 1
(pbest1) in HEK293 cells and found that a considerable portion of the protein was
aggregated. Based on that, these authors proposed that the tetrameric/pentameric model
presented by Sun and colleagues was the result of a protein over-expression artifact.
Although both studies present quite dissimilar membrane protein stoichiometry evidence,
they agree that bestrophins oligomerize. A speculative rearrangement of bestrophins is

discussed later in chapter 4.

Many studies have addressed the elucidation of the bestrophin pore structure. In this line,
mouse bestrophin 2 (mbest2) has been analyzed most exhaustively (102;104;107). Like for
best1, the TMD2 has been identified as the most plausible domain involved in pore formation
of mbest2. TMD2 is one of the most highly conserved domains of bestrophins and mutations
at 10 different positions of best1 are associated with human diseases (48). By mutagenesis
and cysteine accessibility experiments, the group of Hartzell proved that TMD2 of mbest2 is
critical for ion selectivity of the pore (102). However, it seems unlikely that the TMD2 forms
the pore by itself, because mutation of residues in other parts of the protein also affect
channel function (102). Other transmembrane domains like TMDS and TMDG6 are also highly
conserved and are therefore possible pore-forming candidates. In addition to the similarities
between hbest1 and mbest2, there are some structure-function differences which might
indicate that pore architecture is different between bestrophins. The anionic selectivity of
mbest2, the only bestrophin thoroughly examined, is identical to that described for CaCCs,
having a lyotropic permeability sequence of SCN™ > I' > Br > CI' > F'. Like for many CI
channels, for wild type mbest2 the highly permeant anion SCN" is poorly conductive,
suggesting that it resides longer in the pore during transit through the channel than CI does.
This is further supported by the fact that, at low concentrations, SCN™ blocks CI" currents
recorded from bestrophin channels (104). In general, the mutations carried out in TMD2 of
mbest2 produce smaller but similar effect in terms of permeability. This brings to mind the
poorly specialized pore of many other CI" channels; for example CLC-1 in which mutations of
many amino acids in one TMD alter anionic permeability with only a modest overall effect
(30;48).
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Evidence that bestrophin forms a Ca?*-activated CI channel

To understand why bestrophin was initially proposed to form CI" channels it is worth
examining the preliminary observation linking mutations in the hbest1 gene and the
appearance of BVMD. RPE cells absorb lactate and lipofuscin, transport fluid and maintain
the volume and composition of the subretinal space (127). Unlike most secretory epithelia,
RPE polarity is inverted, i.e., the Na'/K*-ATPase and Na*-K*-2ClI" are located luminally, while
CI" channels are located in the basolateral membrane (Fig. 3A). Epithelial transport across
the RPE is guaranteed by Na*-K*-2CI cotransporters that use the energy of Na* gradients to
move CI into the cell and basolaterally secrete it down its electrochemical gradient via
CaCCs, CFTR, and probably CLC-2 (35;127). When light stimulates the photoreceptors, a
so-called light peak (LP) substance, presumably ATP or glutamate, is released and targets
the P2Y receptors on the apical membrane of RPE cells. This is followed by a PLC / IP3-
mediated rise in intracellular Ca®* levels (96;113). Thus the apical membrane, which is
dominated by K* conductances, hyperpolarizes within seconds thereby generating the c-
wave component of the electroretinogram (ERG; Fig. 3B). Subsequent depolarization of the
basolateral membrane by activation of basolateral CI" channels causes a LP within minutes
(127) (Fig. 3B). The fact that bestrophin 1 localizes to the basolateral membrane (75) and
because the LP is reduced in patients with BVMD carrying mutations in best1, led to the
assumption that bestrophin forms the Ca?*-activated CI° channel in the basolateral
membrane of RPE cells (47).
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Fig. 3. Function of bestrophin in RPE cells. A) Upon light exposure, photoreceptors release a so-
called light peak substance, which is likely to be ATP. Binding of ATP to purinergic receptors leads to
increase in IP; and activation of Ca* influx through voltage-gated Ca** channels (VGCCs). best1 may
be the CI" channel activated by ca® or may function as a regulator of VGCCs. B) Fast activation (filled
line) of K* channels contributes to the c-wave in the electroretinogram (ERG), while the light peak is

thought to be due to delayed activation (dashed line) of basolateral CI" channels.

Moreover, the laboratories of Nathans and Hartzell have identified novel CI" currents using
heterologous expression of hbest1 and other bestrophins in HEK293 cells (110;130).
However, identification of CI" channels by heterologous expression has the disadvantage of
often interfering with endogenous CI" channels, i.e. they may be upregulated by the
overexpressed protein in such a way that it is difficult to discriminate native currents from
those heterologously overexpressed. Nevertheless, the fact that overexpressing bestrophins
in different cell lines produces similar types of currents minimizes the concern over
upregulation of endogenous channels and therefore supports the idea that they are indeed
CI' channels. Bestrophins are activated by cytosolic Ca®* in the sub-micromolar range
although this has not been shown for all bestrophins. Members of the bestrophin family like

hbest1, Xenopus bestrophin 2 (xbest2), mbest2 and hbest4 have an apparent Ky for
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activation by Ca?* of about 200 nM (104;110;138;139). Tsunenari et al. (138) demonstrated
hbest4 currents in excised membrane patches in the absence of substrates for
phosphorylation, therefore suggesting a direct activation by Ca®'. Likewise, endogenous
Drosophila bestrophins (dbest) are also directly activated by Ca®*, although their activation is
enhanced in the presence of ATP, as shown in excised membrane patches (16). Besides the
direct activation of CaCCs by Ca?*, indirect activation via the Ca®*-binding protein calmodulin,
through phosphorylation or other enzymatic process are also feasible. In particular, hbest1
isolated from RPE cells interacts physically and functionally with the serine/threonine-protein
phosphatase 2 (PP2A) indicating that phophorylation may play a role in regulation of hbest1
(76). Further evidence that bestrophins are regulated by phosphorylation in human
pulmonary adenocarcinoma (Calu-3) cells comes from nitric oxide induced basolateral CI
currents via cGMP-dependent phosphorylation (26). The assumption is based on the fact
that these cells express hbest1 and have decreased DIDS-inhibited CI” currents upon RNAI
for hbest1. Interestingly, in some bestrophins such as hbest3, mbest3 and mbest2 an
autoinhibitory domain localized at the C-terminus seems to play an important role for their

regulation (103).

As discussed above, the generic lyotropic anion selectivity of bestrophins resembles that of
classical CaCCs. Contrary to native CaCCs, hbest1 and mbest2 exhibit voltage and time-
independent kinetics and linear i/v relationships. Point mutations in hbest1 and mbest2
confer outward rectification, voltage sensitivity and kinetics befitting CaCCs (48). Another
evidence supporting the idea that bestrophins resemble classical CaCCs is brought about by
single channel analysis demonstrating a 2 pS conductance for dbest1 channels as previously
reported for native CaCCs (50;100). In addition, best1 and hbest3 transcripts have been
found by RT-PCR in mouse salivary glands which exhibit large Icic, (63). Further evidence for
best1 as a component of native Igc, is provided by experiments where best1-RNAi reduces
endogenous CaCCs in airways and colonic epithelial cells and Drosophila S2 cells

(11;16;26). This issue will be discussed in detail in chapters 2 and 3.

What is the evidence that bestrophin is a Ca?* channel regulator?

Despite all the evidence that support bestrophins as the molecular counterpart of CaCCs,
uncertainty is provoked by the studies of Marmorstein and Strauss, who were the first groups
to introduce the idea that best1 is not a CI" channel but rather a channel regulator (77;115).
They demonstrated that transient overexpression of hbest1 in RPE-J cell line can influence
the kinetics of endogenous L-type Ca?* channels along with a shift to the left for the voltage-

dependence of Ca?" activation closer to the resting potential. They also showed that voltage-
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gated Ca®" (Ca,) channels play a role in generating the light peak as nimodipine, a Ca,
channel blocker, diminished its amplitude. The light peak is also reduced in mice lacking the
a1.3 channel subunit and in lethargic mice which have a functional mutation in Ca,-p4
subunit (77;148). Additional information supporting that mbest1 is involved in Ca?* channel
regulation was provided by experiments in which a greater Ca®* response upon ATP-
stimulation in RPE cells is observed in mbest1 knockout mice (best1-/-), while Icc, was
indistinguishable between best1+/+ (wild type) and best1-/- mice. According to these
observations, it has been proposed that mbest1 is not required to generate the LP but rather
that its expression antagonizes it, possibly by inhibiting an increase in [Ca?']; in response to
stimuli and by modulating Ca, kinetics (115). This conclusion is further supported by the fact
that some patients with hbest1 mutations demonstrate normal light peaks in their electro-
oculograms (48). In accordance, a deficient Ca?*-activated CI" transport in RPE cells may not
be related to mutation in best1 and the changes observed for the LP might only be an

epiphenomenon of the disease, and thus irrelevant to macular degeneration.

Other physiological roles of bestrophins

Recently, Pifferi et al. proposed that mbest2 is involved in the Icic, generated in olfactory cells
(98). They found a correlation between the expression of mbest2 in olfactory sensory
neurons (OSN) and the appearance of endogenous lcca,. TO depict the complexity of the
scenario, another group using a mbest2 knockout/lac-Z knocking model, demonstrated that
indeed mbest2 is little or not present in nasal tissues (6). This study actually reveals that
these mice have no significant olfactory deficit compared to wild type littermates. Indeed,
they show that mbest2 protein is only expressed in the eye, in the nonpigmented epithelium
and in the colonic epithelium. According to this study, the lack of mbest2 seems to have an
impact in generating the intraocular pressure, presumably by regulating formation of aqueous
humor (6).

Other reports proposed that bestrophin 1 and 2 could also play an important role in cell
volume regulation. When mbest2 and hbest1 were expressed heterologously in HEK293-,
HeLa- and ARPE-19 cells, a Ca*-dependent CI" current sensitive to volume changes
appeared (31). Increasing the extracellular osmolarity caused cell shrinkage and a
considerable reduction of the bestrophin current. Along this line, addition of a hypertonic
solution to freshly isolated RPE cells also induces shrinkage and reduction of the
endogenous CI current. Thus, bestrophin 1 could contribute to the native volume sensitive
CI" conductance of RPE cells, therefore facilitating the large volume changes to which RPE

cells are exposed during phagocytosis of shed photoreceptor discs (31).
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Furthermore, the group of Hartzell recently demonstrated that bestrophins are highly
permeable not only to CI" but also to HCO3; (108). Heterologous expression of hbest1-
disease-causing mutations abolished both CI" and HCOj™ currents. This finding represents a
new avenue in the understanding of the molecular basis of human Best disease due to the
importance of HCOg3 in regulating the intracellular pH and maintenance of fluid and ion
transport across RPE. Finally, bestrophins seem to play a role in generating the Ca?-
dependent CI" current in a variety of epithelia. As discussed in chapters 2 and 3, suppression
of bestrophin 1 or 2 by RNAI in airway and colonic epithelial cells reduces the endogenous
lcica. Apart from these functions, a newly identified role for cell proliferation has been
established for bestrophins. Expression of bestrophins determines the proliferative properties
and is strongly correlated to epithelial-to-mesenchymal transition of the dedifferentiating

epithelium (2).

Thesis outline

The relevance of CaCCs in regulating cell physiology is unquestionable. Clarifying the
molecular identity of CaCCs is a major task in understanding the role of these channels in
normal physiology, as well as in disease. The aim of the present thesis is to elucidate the
cellular functions of the putative Ca**-activated bestrophin CI" channel in epithelia. The
different cellular roles of bestrophins described here may offer novel therapeutic

opportunities for the treatment of related diseases.

The first part (chapter 2 (11)) will focus on bestrophin 1 as the molecular entity of CaCC in
epithelial tissues (26;27;36). Expression of bestrophin 1 had been described exclusively in
basolateral membranes of RPE cells, where it presumably forms the Ca**-activated CI
channel. Epithelial cells express lcica of unknown identity. It was therefore examined whether

this protein would also account for the molecular counterpart of CaCC in other epithelia.

CaCCs are crucial in regulating the airway surface liquid and hence guaranteeing a proper
mucociliary clearance. Thus, the second part (chapter 3 (10)) deals with the relevance of
both best1 and best2 for the ATP-induced Ca**-dependent CI transport in mouse airways.
The hypothesis that best1 enables Ca®*-dependent CI' conductance in epithelia was
challenged using a mbest1 knockout (vmd2-/-) mouse model. Moreover, it was essential to
examine to what extent the lack of best1 function would be compensated by the presence of
other bestrophins. Because bestrophin 1 has also been described to regulate voltage gated
Ca?* channels, we investigate the involvement of this protein in controlling intracellular Ca?*

signaling triggered by hormonal stimulation.
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In the third part of this thesis (chapter 4 (82)) the molecular and functional assembly was
studied, as well as the purinergic activation of bestrophin paralogs. Although different
bestrophins are present in a variety of epithelia, their structural arrangement is unresolved.
Since many ion channels oligomerize, it was considered whether bestrophins are also
oligomeric. Moreover, the cellular localization of human bestrophins was examined in

HEK293 cells heterologously expressing bestrophins.

The fourth and last part of this thesis (chapter 5 (123)) reveals a novel physiological function
of bestrophins for cell proliferation. Here, the relationship between best1 expression and

ATP-dependent CI currents and cell proliferation is examined.
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Chapter 2

Bestrophin 1 enables Ca** activated CI conductance in epithelia

Abstract

Epithelial cells express calcium activated CI" channels of unknown molecular identity. These
CI" channels play a central role in diseases such as secretory diarrhea, polycystic kidney
disease and cystic fibrosis. The family of bestrophins has been suggested to form calcium
activated CI" channels. Here we demonstrate molecular and functional expression of
bestrophin 1 (best1) in airways, colon and kidney of mouse and human. Endogenous calcium
activated whole cell CI" currents coincide with endogenous expression of the Vmd2 gene
product best1 in murine and human epithelial cells, whereas calcium activated CI” currents
are absent in epithelial tissues, lacking best1 expression. Blocking expression of best1 with
short interfering RNA (RNAI) or applying a best1 antibody to the patch pipette suppressed
ATP induced whole cell CI" currents. Calcium dependent CI” currents were activated by ATP
in HEK293 cells expressing best1. Thus best1 may form the Ca** activated CI" current, or it

may be a component of a CI" channel complex in epithelial tissues.
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Introduction

Ca* activated CI channels (CaCC) are present in almost every cell type examined. Although
this type of channel has been studied extensively, the molecular identity of CaCC in epithelial
tissues remains a mystery (52;87). The channels are of small conductance; show outward
rectification at moderate increase of intracellular Ca?*, and have an anion selectivity of I’ > CI’
(46:65). Both direct activation of the channel by increase in intracellular Ca?** and indirect
activation through Ca®* dependent phosphorylation by calmodulin kinase Il (CaMKIl) have
been described (87;147). Small conductance Ca?* activated CI channels in excised
membrane patches of human pancreatic CFPAC cells have been shown to be regulated by
Ca?*, CaMKIl and inositol 3,4,5,6- tetrakisphosphate (50). CaCC is inhibited by compounds
like 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and niflumic acid (NFA), although

these pharmacological tools lack of specificity (28).

Molecular candidates for CaCC have been proposed in the past. A family of Ca?* activated
CI" channels (CLCA) has been identified (20;94). These proteins are not only involved in
chloride conductance and epithelial secretion, but also in cell-cell adhesion, apoptosis and
cell cycle control. However, detailed structure function analysis is still missing and these
proteins have a surprisingly low Ca?* sensitivity (46;52). Thus CLCA could be part of a higher
CI" channel complex (70). The CLC-3 channel has been shown to be regulated by CaMKI|
(51). However, CLC-3 is a cytosolic CI" channel, located in endosomes, and CLC-3 knockout

animals apparently do not lack of Ca?* activated CI" channels (52).

Previous studies demonstrated that bestrophin 1, the product of the vitelliform macular
dystrophy (Vmd2) gene, is able to form Ca®* activated CI" channels (130). Mutations in the
Vmd2 gene cause early-onset autosomal dominant macular dystrophy of the retina, the so
called Best disease (97). Previous studies detected this channel in the basolateral
membrane of the retinal pigment epithelium (RPE) (75), where it controls the light-peak
amplitude in the electro-oculogram. Expression of best1 was reported to be limited to the
RPE, although it has also been detected in cultured airway epithelial cells (27;126). For the
first time we will provide evidence that endogenously expressed best1 causes Ca?* activated

CI" conductance in epithelial tissues.
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Material and Methods

Ussing chamber recordings
Animal studies were conducted according to the German laws on protection of animals. Mice

(C57BL/6, Charles Rivers, Germany) were sacrificed under CO, narcosis by cervical
dislocation. Tissues were put immediately into an ice cold buffer solution of the following
composition (mmol/l): NaCl 145, KCI 3.8, D-glucose 5, MgClI2 1, HEPES 5, Ca-gluconate
1.3, pH 7.4. After mounting into a perfused micro Ussing chamber, apical and basolateral
surfaces of the epithelium were perfused continuously with buffer solution at a rate of 5 - 10
ml/min (chamber volume 2 ml). All experiments were carried out at 37 °C under open circuit
conditions. Transepithelial resistance (Ri) was determined by applying short (1 s) current
pulses (I = 0.5 yA) and the corresponding changes in Vi (Vi) and basal V. were recorded
continuously. Values for the transepithelial voltage (Vi) were referred to the serosal side of
the epithelium. The equivalent short-circuit current (Isc) was calculated according to Ohm’s
law from Vi and R (Isc = Vie / Re).

Patch clamp

Cell culture dishes were mounted on the stage of an inverted microscope (IM35, Zeiss) and
kept at 37 °C. The bath was perfused continuously with Ringer solution at about 10 ml/min.
Patch-clamp experiments were performed in the fast whole-cell configuration. Patch pipettes
had an input resistance of 2-4 MQ, when filled with a solution containing (mM) KCI 30, K-
gluconate 95, NaH,PO, 1.2, Na,HPO, 4.8, EGTA 1, Ca-gluconate 0.758, MgCl, 1.034, D-
glucose 5, ATP 3. pH was 7.2, the Ca®" activity was 0.1 M. The access conductance was
measured continuously and was 60 — 140 nS. Currents (voltage clamp) and voltages (current
clamp) were recorded using a patch-clamp amplifier (EPC 7, List Medical Electronics,
Darmstadt, Germany), the LH1600 interface and PULSE software (HEKA, Lambrecht,
Germany) as well as Chart software (AD-Instruments, Spechbach, Germany). Data were
stored continuously on a computer hard disc and were analyzed using PULSE software. In
regular intervals, membrane voltages (V.) were clamped in steps of 10 mV from -50 to +50
mV relative to resting potential. Membrane conductance G,, was calculated from the

measured current (1) and V. values according to Ohm’s law.

mRNA expression of bestrophins in tissues and cultured cells

Total RNA was isolated from freshly isolated tissues and cell lines studied using NucleoSpin
RNA 1l columns (Macherey-Nagel, Diren, Germany). After reverse transcription of total RNA
(M-MLV Reverse Transcriptase, Promega, Mannheim, Germany), RT-PCR was used to
detect expression of mMRNAs for bestrophins. The oligonucleotide primers were designed for

the mRNA of each gene product (name, gene, accession number: sense and antisense
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primer, size of PCR product): hbest1, VMD2, NM_004183: 5'-
CTGCTCTGCTACTACATCATC-3", 5-GTGTCCACACTGAGTACGC-3", 552 bp; hbest2,
VMD2LA1, NM_017682: 5-GTTCTACATGGCGCTGAGTG-3', 5-
CATAGTGAAAGAGCATTCCAC-3°, 560 bp; hbest3, VMD2L3, NM_152439: 5'-
CAGGAGTCCAAAAACGTTAC-3", 5- CCTTCATTCCGGGCTTTAG-3", 433 bp; hbest4 |,

VMD2L2, NM_153274: 5- CATGTCCCAGGAAGAGAGG', 5-
GGTCCTCATCCCAGTACTG-3", 584 bp; mbestt , Vmd2, NM_011913: 5'-
ACACAACACATTCTGGGTGC-3", 5- TTCAGAAACTGCTTCCCGATC-3’, 246 bp; mbest2,
Vmd2I1, NM_145388: 5- GAGCTGTTATGTTTCCTGGG-3’, 5-

GTAGCAACTTTAGGGCACTG-3°, 529 bp; mbest4d , Vmd2l3, NM_001007583: 5'-
CAACCTGACGTCCCTGCTC-3, 5- CTTCTTCATCTTGGGCAAAC-3, 607  bp.
Oligonucleotide primers for both hp-actin, ACTB, NM_001101 and mp-actin, Actb
NM_007393 were designed: 5'- CAACGGCTCCGGCATGTG-3', 5'-
GTGGTGGTGAAGCTGTAGC-3’, 576 bp. PCR reactions were performed at 94°C for 2 min,
35 cycles at 94°C for 30 sec, annealing temperature 60°C for 30 sec and 72°C for 1 min.

PCR products were visualized by loading on agarose gels and were verified by sequencing.

Downregulation of VMD2 expression by StealthTM RNA.i

Duplexes of 25-nucleotide of RNAi were designed and synthesized by Invitrogen (Paisley,
UK). The sense strand of the RNAi used to silence the VMD2 gene was 5°-
UGUCCCUGUUGGCUGUGGAUGAGAU-3’, corresponding to position 1038 of the VMD2
mMRNA relative to the start codon. A scrambled sequence RNAI ds-oligomer, not homologous
to any known gene (BLOCK-IT™ Fluorescent Oligo) served as control. Transfection of HT g,
Tss and 16HBE cells was carried out one day after seeding (Lipofectamine™2000, Invitrogen,
Germany) in Opti-MEM 1. After 24 to 48 h, cells were used for patch clamping and protein

isolation.

Expression of human best1 in HEK-293 cells

pRK5 vector carrying cDNA for human best1 was kindly provided by Dr. Hugh Cahill, (John
Hopkins  University, Baltimore, MD, USA). The plasmid was co-transfected
(Lipofectamine™2000) in Opti-MEM into HEK-293 cells, together with pEGFP-1 (Clontech,
Palo alto, USA) at a ratio of 10:1. One day after transfection the cells were replated on 4 cm?
glass coverslips. Transfected cells were identified by EGFP fluorescence and used for patch

clamp experiments within 3 days.

Antibodies
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Affinity purified polyclonal antiserum were produced in rabbits immunized with the peptide
carrying either the mouse best1 (sequence aesypyrdeagtkpvlye) or the human best1
(sequence KDHMDPYWALENRDEAHS) coupled to keyhole limpet hemocyanin (Davids

Biotechnologie, Regensburg, Germany).

Immunohistochemistry

Tissues were fixed for 2h with 4% paraformaldehyde in 0.1 M cacodylate buffer pH 7.4.
Tracheas and colon were dehydrated and embedded in paraffin. Paraffin-embedded tissues
were cut at 4 ym on a rotary microtome (Leica Mikrotom RM 2165, Wetzlar, Germany).
Sections were de-waxed and re-hydrated. In tracheal sections endogenous peroxides activity
was eliminated by incubation in methanol with 3% H,O, for 20 min. Sections were incubated
overnight at 4°C with rabbit anti- mouse bestrophin-1 antibodies diluted 1:10000 in Tris buffer
containing Triton X-100 (0.8%) and goat serum to prevent non-specific binding.
Subsequently, sections were incubated with horseradish peroxidase linked goat anti-rabbit
secondary antibodies (Amersham Pharmacia Biotech, Freiburg, Germany) and ABC
technique was used to visualize the labelling with 3,3-diaminobenzidine. The avidin biotin
peroxidase complex (ABC) involves application of a biotin-labeled secondary antibody
followed by the addition of avidin-biotin-peroxidase complex (38). Sections were

counterstained with Mayer’s hematoxylin.

Detection of mbest1 and hbest1 protein by Western blot

Protein was isolated from mouse nose, trachea and kidney epithelium, and cultured cells
using a buffer, which contains 150mmol NaCl, 50mmol Tris, 100mmol DTT, 1% NP-40, and
1% protease inhibitor cocktail (Sigma, Taufkirchen, Germany). Equal amounts of total protein
(20 ug) were separated by a 7% sodium dodecyl sulphate (SDS) polyacrylamide gel and
transferred to a PVDF membrane (Amersham Bioscience, Freiburg, Germany) which was
blocked with 3% nonfat dried milk in PBS-Tween 20 (0.1%) buffer for 1h at RT. The
membrane was incubated with rabbit anti-mouse or rabbit anti-human best1 antibodies
(1:5000) over night at 4°C. Proteins were visualized using a goat anti-rabbit IgG horseradish
peroxide (HRP) conjugated secondary antibody (1:30000, Acris Antibodies, Hiddenhausen,
Germany) and ECL Advance Western Blotting Detection Kit (Amersham Bioscience,
Freiburg, Germany). Signal detection was done by Fluor-S™ Multilmager system (Bio-Rad

Laboratories, Hercules, USA).

Cell culture
9HTE and 16HBE-140 cells (bronchial epithelium; kindly provided by Prof. D. Gruenert,

CPMRI, San Francisco, USA), Calu-3 cells (pulmonary adenocarcinoma), H441 cells (human
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lung papillary adenocarcinoma; kindly provided by Dr. S. Wilson, University of Dundee, UK),
HT,e cells (colorectal carcinoma epithelial), Tg4 cells (colorectal carcinoma) and M1 cells
(mouse collecting duct cells; kindly provided by C. Korbmacher (Physiologisches Institut,
Universitat Erlangen, Germany)) were grown in Dulbecco's modified Eagle's (DMEM)/Ham's
F-12 medium (1:1). HEK-293 cells (embryonic kidney; kindly provided by Dr. Ralph Witzgall
(Institute of Anatomy, University of Regensburg, Germany)) and 9HTE / 16HBE cells were
grown in DMEM and MEM respectively. H441 cells were grown in RPMI. All media were
supplemented with 100 units/ml penicillin, 100 ug/ml streptomycin (Pen/Strep) and 10% fetal
calf serum (FCS). Cells were incubated in 5% CO, at 37°C. Media were substituted with 2
mM glutamine (Calu-3, H441, Tg, and 9HTE), 20mg/ml galactose (HTy), 10mM HEPES
(Calu-3) and 10upg/ml insulin, 5.5ug/ml transferrin, 6.7ug/ml selenium and 0.1uM
dexamethasone (H441 and M1). Cells were seeded on bovine plasma fibronectin (Invitrogen,
Karlsruhe, Germany) and bovine dermal collagen (Cellon, Luxembourg) coated plastic

dishes or glass cover slips.

Materials and statistical analysis

All compounds used were of highest available grade of purity from Sigma (Taufkirchen,
Germany) or Merck (Darmstadt, Germany). All cell culture reagents were from
GIBCO/Invitrogen (Karlsruhe, Germany). Student’s t-test (for paired or unpaired samples as
appropriate) and analysis of variance (ANOVA) was used for statistical analysis. P<0.05 was

accepted as significant.

Results

Ca”" activated CI secretion in mouse airways

In mouse trachea, stimulation of luminal purinergic P2Y receptors by ATP (100 uM)
increased intracellular Ca?* and stimulated CI" secretion (64;73). ATP induced a negative
voltage deflection in Ussing chamber experiments, and activated a short circuit current (Isc)
(Fig. 1). Application of inhibitors of Ca*" activated CI" channels, DIDS (100 pyM) or niflumic
acid (NFA; 10 uM) inhibited ATP induced transport in the trachea (Fig. 1A,B). Activation of CI’
secretion was suppressed by the Ca** chelator BAPTA (10 pM) or by depletion of
intracellular ER Ca?* stores with CPA (10 uM) (Fig. 1C,D).
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Fig. 1. Ca®" activated CI secretion in mouse trachea. Ussing chamber recordings of transepithelial
voltage (V). A,B) ATP (100 uM) induced a negative voltage deflection and a short circuit current due
to activation of CaCC in mouse trachea, which is inhibited by DIDS (100 uM) or NFA (10 uM). C,D)
Activation of CI" secretion can be suppressed by the Ca”" chelator BAPTA (10 yM) or by depletion of
intracellular ER Ca** stores with CPA (10 puM). * indicates significant difference when compared to

control (paired Student’s t-test). (number of experiments).

Ca® activated CI" channels have been found in primary murine nasal cell cultures and in CF
nasal epithelium, but not in the normal murine nasal tissue (40-42). We occasionally detected
a small CI secretory response upon ATP stimulation which, however, was insignificant (Fig.
2A,B). mRNA analysis demonstrated the presence of all three mouse bestrophins 1, 2 and 4,
in both trachea and nose (Fig. 2C). However, Western blot analysis detected best1 protein

only in the trachea, but not in the nasal epithelium (Fig. 2D). Expression of best1 was further
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demonstrated by immunohistochemistry, using rabbit 1gG conjugated to horseradish
peroxidase. Best1 was detected in tracheal epithelium at lower and higher magnification,
while control stains without primary antibody were negative (Fig. 2E,F). Thus expression of

best1 correlates with the appearance of Ca?* activated CI" currents in mouse trachea.
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Fig. 2. Expression of best1 in mouse trachea but not in the nose. Ussing chamber recordings of
transepithelial voltage (Vi). A,B) ATP (100 pM) induced a negative voltage deflection and a short
circuit current due to activation of CaCC in mouse trachea but not nasal epithelium. C) RT-PCR
analysis of mRNA (+/- reverse transcriptase) isolated from mouse tracheal and nasal epithelium.
mRNA of all three mouse isoforms of bestrophin are expressed in both trachea and nose. D)
Expression of best1 protein could only be detected in trachea but not nasal epithelium. The actin band
is shown to indicate equal loading. E,F) Detection of best1 expression in the tracheal epithelium at two
magnifications, using horseradish peroxidase. Arrowheads indicate expression on the apical side of

*

the tracheal epithelium. Controls were obtained without primary antibody. * indicates significant

difference when compared to control (paired Student’s t-test). (number of experiments).

Expression of endogenous best1 induces CaCC in airway cells

We examined CaCC in different human airway epithelial cell lines. In patch clamp
experiments with human bronchial epithelial cells (16HBE), a whole cell CI" current was
activated by 100 yuM ATP, which was inhibited by 100 uM DIDS (Fig. 3). Expression of best1
protein in 16HBE cells was verified by Western blotting (data not shown). We suppressed
expression of best1 in 16HBE cells by incubation with best1-RNAI. Successful suppression
was verified by semi-quantitative RT-PCR, best1 immunocyto-chemistry, and Western

blotting (Fig. 3E). ATP induced whole cell conductances were significantly reduced in RNAI
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treated cells, when compared to control cells or cells transfected with scrambled RNA (Fig.
3D).
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Fig. 3. Ca** activated CI' channels in human airway epithelial cells. A) Stimulation of human
airway epithelial cells (16HBE) with 100 uM ATP activates a CI current in a whole cell patch clamp
experiment. Activation was inhibited by 100 uM DIDS. B) Summary of experiments as shown in A). C)
i/'v relationship of the whole cell currents before and after exposure to ATP and ATP/DIDS. D)
Summary of the experiments in which 16HBE cells were incubated with best1-RNAi to knockdown
best1 expression. Transfection with scrambled RNA (scrbled) served as control. Experiments were
performed in the presence of the K* channel blockers Ba®* (5 mM) and TEA® (10 mM) in order to
exclude K conductances. E) Western blot of hbest1 and actin in RNAI treated and control cells. *
indicates significant difference when compared to control (paired Student’s t-test). # indicates

significant difference when compared to RNAi (unpaired Student’s t-test). (number of experiments).

Ca?* activated whole cell conductances were compared in four different human airway
epithelial cell lines, grown on glass coverslips (Fig. 4). Because both CI" and K™ currents may
be activated by increase in intracellular Ca?*, we stimulated the cells in the presence of the
K* channel blockers Ba®** (5 mM) and TEA" (10 mM). RT-PCR analysis of the 4 human
bestrophin isoforms demonstrated expression of best1 in 16HBE and Calu-3 cells, but not in
the cell lines H441 and 9HTE (Fig. 4). Accordingly, ATP activated CI" currents were only
found in 16HBE and Calu-3 cells, but not in H441 or 9HTE cells. This further suggests that

expression of endogenous best1 allows for Ca®* activated CI" currents in airway epithelial
cells.
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Fig. 4. Expression of bestrophins in different human airway epithelial cell lines. RT-PCR
analysis (+/- reverse ftranscriptase) of the 4 human isoforms of bestrophin (best1 - 4) in 4 different
human airway epithelial cell lines (left). Whole cell conductances measured before and after
stimulation of airway epithelial cells by 100 uM ATP in the presence of the K* channel blockers Ba* (5
mM) and TEA" (10 mM) (right). ATP activates a whole cell current only in respiratory cell lines which
express best1. * indicates significant difference when compared to control (paired Student’s t-test).

n.s. indicates no significant changes upon ATP stimulation. (humber of experiments).

Expression of best1 in colonic epithelial cells

We also detected expression of best1 along with best4 in the human colonic cancer cell line
HT.s (Fig. 5A). These cells activate a Ca?* dependent CI” conductance upon stimulation with
ATP (Fig. 5B). Similar results, e.g. expression of bestl mRNA and protein along with Ca?*

activated CI” currents were obtained in the colonic cancer cell line Tg, (data not shown). We
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suppressed expression of best1 in HT,9 cells by best1-RNAi. Best1 knockdown was 61- 78
%, according to densitometric analysis of Western blots (Fig. 5D). Incubation of the cells with
scrambled unrelated RNA showed no effects. Whole cell patch clamp analysis demonstrated
largely reduced Ca?* (ATP-) activated whole cell currents in RNAi treated cells, when
compared to control cells or cells transfected with scrambled RNA. Out of 23 RNAi incubated
cells, none showed a current similar in size as control cells (Fig. 5C,E).

A B 16

best 1 best2 best3 best4 .
FoF o 5127 (13)
£ 8
- ¢ * o0
0
Cc
ATP D
con  Ba/TEA Bg/TEA
N \e’b
kDa N
con S ¥

. (14)

g 13
o 8 (13)
%%:%‘* £ 6 <o
4 < |2
1o 9 Sllc|®fe
ol * |O
250 ms olleil®

Fig. 5. Expression of best1 in HT,9 colonic epithelial cells. A) RT-PCR analysis (+/- reverse
transcriptase) of the 4 human isoforms of bestrophin (best1 - 4) in HT,9 cells. B) Summary of ATP
induced whole cell CI" conductances in HT g cells. C) Activation of whole cell currents in HT,g cells by
ATP (100 uM) under control conditions and after incubation of the cells with best1-RNAi. D) Western
blot analysis of best1 expression in HT,g cells grown under control conditions, after incubation with
RNAI or after incubation with scrambled (scrbled) RNA. E) Summary of the whole cell conductances
activated in HT,g cells grown under control conditions, after incubation with RNAI or after incubation
with scrambled (scrbled) RNA. * indicates significant difference when compared to control (paired

Student’s t-test). (number of experiments).

We further examined expression of best1 in the native mouse colonic epithelium. To that end
we isolated proximal and distal colonic epithelium and determined ion transport activated by
carbachol stimulation of basolateral M3 receptors (CCH; 100 uM). In the proximal colon,
CCH induced a fast and negative voltage deflection, due to activation of a transient CI
secretion. In contrast, stimulation of the distal colon activated a delayed luminal K* secretion
(Fig. 6A,B). Expression of both best1 mMRNA and protein was more prominent in isolated

colonic crypts of the proximal colon (data not shown). Immunohistochemistry clearly detected
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best1 expression in mouse proximal colon, whereas only a few cells stained positive for
best1 in the distal colonic epithelium (Fig. 6C). Taken together these results suggest that

best1 also participates in Ca®* dependent CI” secretion in the proximal colonic epithelium.
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Fig. 6. Expression of best1 in proximal and distal mouse colon. A) Ussing chamber recordings of
the transepithelial voltage (Vi) in proximal and distal colonic epithelium. Basolateral carbachol (CCH,
100 uM) induced a negative voltage deflection by activation of CaCC in the proximal colon, but caused
a lumen positive voltage deflection in the distal colon, due to activation of K* secretion. B) Summary of
the CCH induced Iy in proximal and distal colonic epithelium. C) Detection of best1 expression in the
proximal and distal colonic epithelium. Arrowheads indicate expression on the apical side of the
proximal colonic epithelium. Controls were obtained without primary antibody. * indicates significant

difference when compared to control (paired Student’s t-test). (number of experiments).

Expression of best1 in renal epithelial cells
In mouse collecting duct cells, ATP activated a whole cell conductance, which was inhibited

by 100 uM DIDS, but not by 5 mM Ba®* (Fig. 7A). The corresponding i/v curves were linear
(Fig. 7B), probably due to high intracellular Ca** levels induced by purinergic stimulation
(data not shown). We added an anti mouse best1 antibody (1:500) to the patch pipette filling
solution, which binds to the C-terminal end of best. Inclusion of this antibody significantly
reduced the whole cell conductance activated by 100 uM ATP (Fig. 7C, D). M1 cells express

mRNA for the two isoforms best1 and best2 (Fig. 7E). Expression of best1 protein was



Bestrophin 1 enables Ca®* activated CI” conductance in epithelia 33

detected in lysates from M1 cells and mouse kidney (Fig. 7F). In mouse Kkidneys,
immunohistochemistry detected expression of best1 throughout medulla and cortex, with
strongest expression in the region of the papilla. However, not all cells within a tubular
segment expressed best1, and thus a rather spotted staining was obtained. Fig. 7G shows
co-staining of the cytoskeleton (red) and best1 (green). In agreement with this result, Ca*

activated CI" channels have been found in cells from almost all renal tubular segments (46).
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Fig. 7. Expression of best1 in cultured kidney epithelial cells and mouse kidney. A) Summary of
the ATP (100 uM) induced whole cell CI" conductances in M1 cells and inhibition by DIDS (100 uM)
but not by barium (Ba, 5 mM). B) Summary i/v curves of the whole cell currents measured before and
after stimulation with ATP. C) Activation of whole cell currents by ATP in M1 cells with control solution
in the patch pipette (con) or after adding a best1 antibody (AB) to the patch pipette filling solution. D)
Summary of the experiments as shown in (C). E) RT-PCR analysis (+/- reverse transcriptase) of the 3
mouse isoforms of bestrophin in mouse kidney. F) Expression of best1 protein in M1 cells and kidney.
The actin band is shown to indicate loading of the gel. G) Co-staining of the cytoskeleton (Alexa Fluor
647 phalloidin; red) and best1 (Alexa Fluor 546; green) in mouse kidney (left). Differential interference
contrast (DIC) image of the kidney slice (right). * indicates significant difference when compared to
control (paired Student’s t-test). # indicates significant difference when compared to the absence of

the antibody (unpaired Student’s f-test). (number of experiments).
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Expression of hbest1 induces CaCC in HEK293 cells
To further confirm a role of best1 as Ca®* activated CI channel, we expressed human best1

in HEK293 cells. Expression was verified by Western blot analysis and immunocytochemistry
(data not shown). HEK293 cells coexpressing best1 and enhanced green fluorescent protein
(EGFP), activated a whole cell conductance upon stimulation with 100 uM ATP. This was not
observed in HEK cells expressing only EGFP (Fig. 8A, B). Coexpressing cells demonstrated
an enhanced baseline conductance and a reduced membrane voltage, probably due to
enhanced baseline CI" conductance. Membrane voltage was further depolarized and the
whole cell conductance was inhibited by reducing bath CI" concentration to 30 mM (Fig. 8B,
C). The ATP activated whole cell conductance was inhibited by 100 uM DIDS (Fig. 8D).
Taken together, these results strongly suggest that Ca®* dependent CI currents in epithelial

cells from airways, colon and kidney are due to expression of best1.
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Fig. 8. Activation of CaCC in HEK293 cells after overexpression of hbest1. A) Activation of whole
cell currents by ATP (100 uM) in HEK293 cells coexpressing EGFP and human best1. Lowering the
bath CI" concentration to 30 mM reduced ATP activated whole cell conductance. B) Summary of the
experiments as shown in (A). HEK293 cells expressing only EGFP do not activate a whole cell
conductance. C) Summary i/v curves of the whole cell currents measured before and after stimulation
with ATP. D) Summary of the effects of DIDS (100 uM) on ATP induced CI" conductance in HEK293
cells. * indicates significant difference when compared to control (paired Student’s t-test). # indicates

significant difference when compared to ATP. (number of experiments).
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Discussion

CaCC in epithelial tissues

Ca?" activated CI" channels are fundamental for fluid secretion in acini of exocrine tissues,
such as lachrymal, parotid, mandibular and pancreatic glands (39). In airways and in the
colonic epithelium, electrolyte secretion is dominated by cystic fibrosis transmembrane
conductance regulator (CFTR) CI" channels (57). Apart from CFTR, CI" secretion is activated
through stimulation of CaCC, present in the apical membrane of airways and other organs.
Previous studies showed that i) application of the Ca*" ionophore ionomycin also activates
CI" secretion, ii) in the presence of low (1 pM) extracellular Ca?*, activation of CI secretion is
very transient, iii) after inhibition of phospholipase C, purinergic CI" secretion is reduced, and
iv) DIDS inhibits Ca®" activated CI" secretion in mouse airways (64). These and other
experiments (73) strongly suggest that secretion occurs through Ca** dependent activation of
ClI" channels. ORCC channels are unlikely candidates, since Ca?" activates small
conductance CI" channels in HT,9 and 16HBE cells (56;59).

Both CFTR and CaCC control airway surface liquid, which is essential for mucociliary
clearance (135). Purinergic activation of CaCC in the airways resembles an important
therapeutic principle for cystic fibrosis (61;67). CI" secretion in mouse airways is dominated
by CaCC, which explains why CFTR knockout animals do not develop a CF lung disease
(40). Interestingly, a functional relationship exists between CaCC and CFTR (62;143), and
Ca”®" mediated CI" secretion is enhanced in CF airways (73). Thus, Ca®* activated CI
secretion is found in CF but not normal murine nasal epithelium (40). After pre-stimulation of
CFTR, CaCC was also activated in normal nasal epithelium. However, this is probably due to
activation of basolateral K* channels, rather than activation of luminal CaCC (17). Although
transcripts for best1 were detected in the nasal epithelium, no significant levels of best
protein were found. This is probably not explained by mRNA instability since no AU rich

elements could be detected.

In the human colonic epithelium of older infants and adults, CaCC mediated CI secretion is
less important. Thus no CI secretion is found in the absence of functional CFTR, e.g. in the
colonic epithelium of cystic fibrosis patients (12;72;74). Younger infants, however, may
express CaCC in the colonic epithelium and be therefore susceptible for virus induced
diarrhea. In fact, age dependent diarrhea was induced in mice by the rotavirus toxin NSP4 in
a previous study (7). NSP4 increases intracellular Ca?* and activates CI" secretion in
newborn mouse pups (24). In the present study, we detected Ca** activated CI" secretion in
the proximal but not distal colon. Accordingly, best1 was well detected in the proximal, but

not in the distal colon. The role of CaCC in the kidney is controversial (69;117). However, in



Bestrophin 1 enables Ca®* activated CI” conductance in epithelia 36

studies with primary and permanent cultures of proximal and distal tubules, thick ascending
limb and collecting ducts, CaCC was identified (9;13;71;109). Also in the present
experiments with M1 collecting duct cells, CaCC was detected. Thus renal epithelial cells

may retain the ability to induce Ca?* activated CI" transport.

Bestrophin: a CI' channel or a regulator of Ca®* signaling?

Sulfhydryl scanning enabled structure-function analysis and demonstrated that bestrophins
form bona fide CI" channels (104;139). Direct activation of best4 by Ca?* was demonstrated
in excised membrane patches (138). Nevertheless, it has been proposed that best1 is a
regulator of voltage gated L-type Ca®" channels, rather than a Ca?* regulated CI" channel
(77;115). Purinergic increase of [Ca®']; was augmented in RPE cells of vmd2-/- mice. In this
study [Ca®']; increase was remarkably slow. This is in sharp contrast to Ca®" responses

2+]i increase occurs within less than a second

observed in the epithelial tissues used here: [Ca
and is typically 4 to 10 fold (data not shown). Moreover, ATP induced Ca* increase is due to
Ca** release from intracellular stores (peak), and Ca?* influx, probably through TRP-related
Ca?* channels (plateau) (89). Preliminary unpublished measurements show only insignificant

changes in Ca?* signaling upon manipulation of best1 expression.

Best1 mediates Ca®* activated CI” secretion in epithelial tissues

The present data show endogenous expression of best1 in mouse and human epithelial cells
from airways, colon and kidney. Best1 expression was clearly correlated with the appearance
of CaCC. Rectification of the CI" currents varied between the different cell lines. I/V curves
were almost linear for M1 and HEK293, but were rectifying for 16HBE cells. Rectification

depends on the level of [Ca®"]

and disappears at high (> 1 yM) concentrations (5;29;65;109).
ATP increased [Ca®] to values above 1 uM in M1 cells, but to values below 1 uM in 16HBE
cells (data not shown), which may explain the variability. In HT,e and 16HBE cells,
suppression of best1 by RNAi inhibited CaCC. These results clearly indicate that best1 is
necessary for Ca?* activated CI” secretion. However, they do not rule out the possibility that
best1 is a regulator of a still unidentified Ca** activated CI" channel, or that it is part of a CI
channel complex. Only a fraction of best1 appears to be localized in the plasma membrane,
while most is found in the cytosol, probably bound to vesicular membranes. (126;139). The
spotted expression of best1 in some tissues suggests that CaCC is not equally present within
the epithelium. Thus expression may depend on additional factors, which should be subject

of subsequent studies.
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Chapter 3

Bestrophin 1 and 2 are components of the Ca** activated CI

conductance in mouse airways

Abstract

Ca* activated CI transport is found in airways and other organs and is abnormal in cystic
fibrosis, polycystic kidney disease and infectious diarrhea. The molecular identity of Ca**
activated CI" channels (CaCC) in the airways is still obscure. Bestrophin proteins were
described to form CaCC and to regulate voltage gated Ca?* channels. The present Ussing
chamber recordings on tracheas of bestrophin 1 knockout (vmd2-/-) mice indicate a reduced
CI" secretion when activated by low concentrations (0.1 — 1 yM) of the purinergic agonist
ATP. Both paralogs best1 and best2 are present in the tracheal epithelium from vmd2+/+
mice, while vmd2-/- mice have no best1 and, in addition, a reduced expression of best2.
Whole cell patch clamp analysis of primary airway epithelial cells from vmd2-/- tracheas
demonstrated 50% reduction in Ca?', i.e. ATP activated CI" currents. Additional mbest2
knockdown in vmd2-/- cells by short interfering RNA further suppressed ATP induced CI
currents down to 20 % of that observed in vmd2+/+ respiratory cells. In vmd2+/+ cells
suppression of both mbest1 and mbest2 reduced CaCC. Direct activation of CaCC by
increase of intracellular Ca?* was also reduced in whole cell recordings of vmd2-/- cells.
These results clearly suggest a role of bestrophin 1 and 2 for Ca** dependent CI” secretion in

the airways.
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Introduction

Airway epithelia secrete electrolyte upon stimulation by secretagogues, which activate CI
channels through an increase in intracellular Ca** or cAMP. cAMP activated cystic fibrosis
transmembrane conductance regulator (CFTR) CI" channels are well established and their
channel properties and regulation have been described in detail. Detailed information is also
available for ligand-gated channels (GABA/glycine receptors) or the CLC chloride channel
family (52). In contrast, the molecular counterpart of the Ca?*-activated Clchannel is still a
matter of controversy (87). The previously identified CLCA proteins have not been
unanimously accepted as Ca?* activated CI" channels (70). The genes hTTHY2 and hTTYH3
encode Ca®" -activated maxi-CI" channels (Tweety) and are unlikely to form epithelial small
conductance Ca?* activated CI" channels (132). The group of Nathans and coworkers
proposed that a family of proteins known to play a central role for a dominant form of macular
dystrophy (Best disease) of the retina, comprises a new class of Ca®* activated CI" channels
(130). A series of subsequent papers described the properties of bestrophin paralogs, which
were in good agreement with those found for native Ca?* activated CI currents
(11;63;104;107;110;139).

Although bestrophin 1 was also reported to be a regulator of voltage gated L-type Ca?*
channels (77;115), whole cell recordings from cells heterologously expressing the four
bestrophin paralogs clearly pointed out to their function as Ca®* dependent CI" channels
(reviewed in (48)). Mutations in both human best1 and mouse best2 altered anion
conductance and permeability and changed their sensitivity to cysteine-reactive reagents
(48). Moreover best2 is a molecular component of the Ca?* activated CI" channel in mouse
olfactory sensory neurons (98). We reported previously a correlation between best1
expression and CI currents activated through stimulation of purinergic P2Y receptors in
human and mouse epithelial tissues (11). In the present study on wt (vmd2+/+) and best1
knockout (vmd2-/-) mice, we provide evidence that both best1 and best2 are necessary
components of the ATP-induced Ca?*-activated CI" secretion in mouse airways. Bestrophins
are therefore important for regulation of the airway surface liquid ensuring an adequate

mucociliary clearance (137).

Material and Methods

Mouse tracheal epithelial cells isolation
Best1-KO (vmd2-/-) mice (C57BL/6x129Sv) were a generous gift from MERCK Research
Laboratories (770 Sumneytown Pike West Point, PA, USA). vmd2-/- and wild type (vmd2+/+)
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counterparts with same genetic background were sacrificed and tracheas were put in ice-
cold AECGM plus supplement that contained bovine pituitary extract 13 mg/ml, EGF 10
ng/ml, epinephrine 0.5 pg/ml, hydrocortisone 0.5 pg/ml, retinoic acid 0.1 ng/ml, transferrin 10
pg/ml, and triiodo-L-thyronine 6.7 ng/ml. Media were further supplemented with 100 units/ml
penicillin, 100 pg/ml streptomycin, 3 ug/ml fungyzone, 50 pg/ml chloramphenicol, 0.1 mg/ml
kanamycin and 10% fetal bovine serum (FBS). Tracheas were washed with media and
opened longitudinally. About 5 tracheas were incubated in AECGM-SM containing 1.5 mg/ml
pronase (Roche, Indianapolis, USA) for 18 h at 4°C and the content was collected by
centrifugation at 420 g for 10 min at 4°C. Cells were resuspended in 200 ul/trachea in
AECGM-SM (FBS free) containing 0.5 mg/ml crude pancreatic DNase | and 10 mg/ml Bovine
serum albumin (BSA). The cells were then incubated on ice cold AECGM-SM for 5 min,
centrifuged at 420 g for 5 min at 4°C and resuspended in AECGM-SM with 10% FBS. Cells
were seeded on bovine plasma fibronectin (Invitrogen, Karlsruhe, Germany) and bovine
dermal collagen (Cellon, Luxembourg) coated plastic dishes and incubated for 3-4 h in 5%
CO, at 37°C to adhere fibroblasts. Experiments were performed within 3-4 days after

seeding.

mMRNA expression of bestrophins in primary cultured cells

Total RNA was isolated from freshly isolated mouse tracheal cells collected from a single
mouse trachea using RNeasy Micro Kit columns (QIAGEN, Hilden, Germany). cDNA was
obtained from reverse transcription of total RNA (M-MLV Reverse Transcriptase, Promega,
Mannheim, Germany). RT-PCR was used to detect expression of mRNAs for bestrophins.
The oligonucleotide primers were designed for the mRNA of each gene product (name,
gene, accession number: sense and antisense primer, size of PCR product): mbest1 , vmd2,
NM_011913: 5- ACACAACACATTCTGGGTGC-3", 5- TTCAGAAACTGCTTCCCGATC-3’,
246 bp; mbest2, vmd2l1, NM_145388: 5- GAGCTGTTATGTTTCCTGGG-3°, 5°-
GTAGCAACTTTAGGGCACTG-3°, 529 bp; mbest3 , vmd2I3, NM_001007583: 5°-
CAACCTGACGTCCCTGCTC-3°, 5- CTTCTTCATCTTGGGCAAAC-3°, 607  bp.
Oligonucleotide primers for mB-actin, Actb NM 007393 were designed: 5'-
CAACGGCTCCGGCATGTG-3", 5- GTGGTGGTGAAGCTGTAGC-3°, 576 bp. PCR
reactions were performed at 94°C for 2 min, 32 cycles at 94°C for 30 sec, annealing
temperature 60°C for 30 sec and 72°C for 1 min. All PCR products were verified by

sequencing.

Antibodies
Affinity purified polyclonal antisera were produced in rabbits immunized with the peptide

carrying either the mouse best1 (sequence aesypyrdeagtkpvlye) or the mouse best2
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(sequence  RAPAPPWLPSPIGEEEE) coupled to keyhole limpet hemocyanin (Davids

Biotechnologie, Regensburg, Germany).

Detection of mbest1 and mbest2 protein by Western blot

Protein was isolated from vmd2+/+ or vmd2-/- primary cultured cells collected out of 5 pooled
mouse tracheas using a buffer containing (mmol/l): NaCl 150, Tris 50, DTT 100, 1% NP-40,
and 1% protease inhibitor cocktail (Sigma, Taufkirchen, Germany). Western blotting was

performed as described (11).

Ussing chamber recordings

Animal studies were conducted according to the German laws on protection of animals.
Experiments were carried out under open circuit conditions, essentially as previously
described (11).

Patch clamp

Primary cell culture dishes were mounted on the stage of an inverted microscope (IM35,
Zeiss) and kept at 37 °C. The bath was perfused continuously with Ringer solution at about
10 ml/min. Patch-clamp experiments were performed in the fast whole-cell configuration.
Patch pipettes resistances were 2—4 MQ, when filled with a solution containing (mmol/l) KCI
30, K-gluconate 95, NaH,PO, 1.2, Na,HPO, 4.8, EGTA 1, Ca-gluconate 0.758, MgCl, 1.034,
D-glucose 5, ATP 3. Ca?" activity was 0.1 yM and pH 7.2. The access conductance was
monitored continuously and was 40 — 140 nS. Currents (voltage clamp) and voltages (current
clamp) were recorded using a patch-clamp amplifier (EPC 7, List Medical Electronics,
Darmstadt, Germany), the LH1600 interface and PULSE software (HEKA, Lambrecht,
Germany) as well as Chart software (AD-Instruments, Spechbach, Germany). Data were
analyzed using PULSE software. Membrane voltages (V.) were clamped in steps of 10 mV
from -50 to +50 mV relative to resting potential. Membrane conductance G, was calculated

from the measured current (1) and V. values according to Ohm’s law.

Downregulation of vmd2 and vmd2L1 expression by StealthTM RNA.i

Double stranded RNAi (25-nucleotide) were designed and synthesized by Invitrogen
(Paisley, UK). RNAIi sense strands used to silence vmd2 and vmd2L1 genes were
respectively: 5'- CCCAUGGAACGUGACAUGUACUGGA -3, and 5'-
GGAGCUGAAUGUGUUUCGGAGCAAA-3’, corresponding to positions 1203 of the vmd2
and 682 of the vmd2I1 mRNA relative to the start codon. A scrambled sequence RNAI ds-
oligomer, not homologous to any known gene (BLOCK-IT™ Fluorescent Oligo) served as

mock control. Transfection of mTEC cells was carried out one day after seeding
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(Lipofectamine™2000, Invitrogen, Germany) in Opti-MEM. Cells were used for patch

clamping and immunostaining within 48 h.

Expression of mouse best1 in primary airway cells from vmd2-/- animals

pcDNAS3.1 vector carrying mbest1 cDNA were kindly provided by Dr. Criss Hartzell, (Emory
University School of Medicine, Atlanta, GA, USA). The plasmid was transfected
(Lipofectamine™2000) in Opti-MEM into vmd2-/- cells.

Immunocytochemistry

Tracheal tissues and primary cultured vmd2+/+ or vmd2-/- cells were immunostained with
mbest1 or mbest2 antibody as described previously (11). Briefly, tissues and cells were
respectively fixed for 2 h and 30 min with 4% paraformaldehyde in 0.1 M cacodylate buffer
pH 7.4. Tracheas were dehydrated, embedded in paraffin and cut at 4 ym on a rotary
microtome (Leica Mikrotom RM 2165, Wetzlar, Germany). Endogenous peroxidase activity
was eliminated by incubation in methanol with 3% H,O, for 20 min. Sections and cells were
incubated overnight at 4°C with rabbit anti- mouse best1 or best2 antibody diluted 1:10000
and 1:250 respectively in Tris buffer containing Triton X-100 (0.8%) and goat serum.
Sections and cells were incubated with horseradish peroxidase linked goat anti-rabbit
secondary antibodies (Amersham Pharmacia Biotech, Freiburg, Germany) and ABC

technique was used to visualize the labelling as described (38).

Materials

All compounds used were of highest available grade of purity from Sigma (Taufkirchen,
Germany) or Merck (Darmstadt, Germany). All cell culture reagents were from
GIBCO/Invitrogen (Karlsruhe, Germany) except Airway Epithelial Cell Growth Medium
(AECGM) and SupplementMix that were from PROMOCell/Bioscience alive (Heidelberg,

Germany).

Statistical analysis
Student’s t-test (for paired or unpaired samples as appropriate) was used for statistical

analysis of the data. P<0.05 was accepted as significant.
Results
Expression of bestrophins and Ca’* activated CI" currents in mouse trachea

Expression of all three bestrophin paralogs was detected in tracheas of wt (vmd2+/+) mice

by RT-PCR, Western blotting, and immunohistochemistry, whereas best1-KO (vmd2-/-) mice
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lack of best1 expression (Fig. 1). Notably, best2-protein was expressed at much higher levels
than best1-protein (Fig. 1B). Accordingly mRNA for best2 was about 100 times more
abundant than that for best1 as detected by real-time PCR. However, the absence of best1
expression in tracheas of best1-KO animals was paralleled by reduced expression of best2-

protein.
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Fig. 1. Expression of bestrophins in tracheal epithelium. A) RT-PCR analysis of the 3 mouse
isoforms of bestrophin (best1 - 3) in tracheas of wt (vmd2+/+) and best1-KO (vmd2-/-) mice. B)
Expression of best1 and best2 protein in tracheal epithelial cells from wt (vmd2+/+) and best1-KO
(vmd2-/-) mice. C) best2 protein in vmd2+/+ and vmd2-/- cells at lower exposure time demonstrates
reduced expression of best2 in KO mice. D) Detection of best1 in wt but not in KO mice. Detection of
best2 in airways of wt mice. Arrowheads indicate expression at the luminal side of the tracheal
epithelium. Control for best2 was obtained without primary antibody and for best1 the primary antibody

was added to vmd2-/- tissue. Scale bar 50um.

The purinergic P2Y agonist ATP was used to activate Ca®* dependent CI" secretion in Ussing
chamber experiments. Luminal application of 1 yM ATP activated a transient short circuit
current that was inhibited by the blocker of Ca?* activated CI" channels, DIDS (200 pyM). The
peak response was reduced in best1-KO animals compared to wt mice (Fig. 2A,B). This
subtle difference was only detectable at low ATP concentrations, but was masked at 10-100
MM ATP (Fig. 2C,D). Real time PCR analysis of the expression of relevant purinergic
receptors indicated reduced expression of P2Y1, P2Y6, and A2B receptors in tracheas of
best1-KO mice, however, expression of the most abundant receptor P2Y, was unchanged
(Supplement 1). These results obtained in the intact tissue suggest a role of best1 for Ca**

dependent CI” secretion in mouse airways.



Bestrophin 1 and 2 are components of the Ca®* activated CI” conductance in mouse airways 43

A WT B
°
S 10| ek > 104
E ] E-
£ 204 o Y o £ .20 -
-30 = 5min -30 -
C D
o
I_
£ 800 5
= (%]
S 600 g " # -
=2 7 * .g
& 400: * (9) ‘_E
< . 2] w =
5 Baa:
w 0 - Q a -
WT KO WT KO
ATP 100uM ATP 1uM [ATP] (uM)

Fig. 2. Ca®* activated CI" secretion in mouse trachea. Ussing chamber recordings of the
transepithelial voltage (Vi) measured in mouse tracheas. Luminal application of 1 yM ATP induced a
negative voltage deflection and a short circuit current in tracheas of wt (vmd2+/+) (A) and best1-KO
(vmd2-/-) (B) mice. In both tissues the effect of ATP was partially inhibited by DIDS (100uM). C)
Summary of the short circuit currents activated by 1 and 100 uM ATP and the effects of DIDS in both
wt and best1-KO mice. D) Concentration- response curves for normalized short circuit currents (Isc-
atp) activated by ATP in vmd2+/+ and vmd2-/- mouse tracheas. # indicate significant difference
between vmd2+/+ and vmd2-/- tracheas (unpaired Student’s f-test). * indicates significant effect of

ATP and DIDS (paired Student’s t-test). (number of experiments).

Contribution of best1 and best2 to Ca**-activated CI" conductance in mouse airway
cells

As CI transport in intact tissues depends not only on the activity of CI" channels but also on
other transport proteins we measured whole cell CI" conductances in primary short term
cultures of mouse tracheal epithelial cells. A large CI" conductance was activated in wt
(vmd2+/+) cells by maximal stimulation with ATP (100uM), and was inhibited by 200puM DIDS
(Fig. 3A). In order to assess the individual contribution of best1 and best2 to Ca?* activated
CI" conductance, we used RNA: to silence individual bestrophins. It is shown that both best1-
RNAI and best2-RNAi attenuated the ATP induced whole cell currents in mouse airway cells,
while scrambled RNAi was without any effect (Fig.3A-C). Because of the low number of
primary cells, we used immunocytochemistry to detect RNAi-silencing of best1 and best2

(Fig. 3D). Notably, most of the best1 and best2 protein is located in the cytosol, as reported
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recently for other cell types (63). The corresponding i/v curves for the ATP activated whole
cell current (Fig. 3E) were almost linear due to high [Ca?']; levels induced by 100 uM ATP
(data not shown). The summary of the ATP-induced whole cell conductances indicated an
approximate 50% inhibition for cells treated with either best1-RNAi or best2-RNAi (Fig. 3F).
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Fig. 3. Activation of endogenous CaCC in tracheal epithelial cells from vmd2+/+ mice. Activation
of whole cell currents by ATP (100 yM) in primary tracheal epithelial cells from vmd2+/+ mice.
Activation of whole cell currents in control cells (A), after incubation with best1-RNAi (B) or after
incubation with best2-RNAi (C). D) Immunostaining of best1 and best2 in primary tracheal epithelial
(control) cells and cells treated with best1-RNAi and best2-RNAi. Negative controls were obtained
without primary antibody. E) Summary i/v curves for the ATP induced whole cell currents measured in
control cells and in cells treated with best1-RNAI, best2-RNAi or scrambled RNAI, respectively. best1-
RNAI. F) Summary of the ATP (100uM) induced whole cell CI" conductances in control cells and cells
treated with best1-RNAI, best2-RNAi or scrambled RNAI, respectively. # indicate significant difference
between cells treated with scrambled RNA or best1-RNAi and best2-RNAi, respectively (unpaired
Student’s f-test). * indicates significant effect of DIDS (paired Student’s t-test). (number of

experiments).

Moreover, when the Ca®’-dependent CI conductance was activated through muscarinic
stimulation with carbachol (100 uM), attenuation of conductances was seen in cells treated
with best1-RNAi or best2-RNAI, similar to that seen for ATP-dependent stimulation
(Supplement 2).
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Primary airway epithelial cells were also isolated form best1 KO (vmd2-/-) mice. ATP
activated a whole cell CI" current in these cells that was partially blocked by DIDS (Fig. 4A).
However, the CI° conductance activated by maximal stimulation with 100 uM ATP was
attenuated to almost 50% of the conductance in wt cells (Fig. 4F). Knockdown of best2 by
best2-RNAI further reduced the effect of ATP to about 20% of that observed in the wild type
(Fig. 4B,F). In contrast, overexpression of mbest1 in cells from vmd2-/- animals enhanced the
ATP conductance to nearly the same level found in wt (vmd2+/+) cells. The effects of best1-
overexpression and best2-RNAi respectively, were verified by immunocytochemistry (Fig.
4E). Moreover, cholinergic CI” secretion by 100 uM carbachol was also significantly reduced
in airway cells from vmd2-/- animals and was further attenuated after treatment with best2-
RNAI (Supplement 2). These results further support the concept that both bestrophin 1 and 2

are essential for Ca?* dependent CI” secretion in mouse airways.
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Fig. 4. Activation of endogenous CaCC in tracheal epithelial cells from vmd2-/- mice. Activation
of whole cell currents by ATP (100 pM) in primary tracheal epithelial cells from vmd2-/- mice.
Activation of whole cell currents in control cells (A), after incubation with best2-RNAi (B) or after
overexpression of mbest1 (C). D) Summary i/v curves for the ATP induced whole cell currents
measured in control cells and in cells treated with best2-RNAi or overexpressing mbest1. E)
Immunostaining of best1 and best2 in primary tracheal epithelial (control) cells and cells treated with
best2-RNAI or overexpressing mbest1. Negative controls were obtained without primary antibody. F)
Summary of the ATP (100pM) induced whole cell CI conductances in control cells and cells treated
with best2-RNAI, scrambled RNAI, or overexpressing mbest1. # indicate significant difference between
cells treated with scrambled RNA or best2-RNAI, respectively (unpaired Student’s t-test). * indicates

significant effect of DIDS (paired Student’s t-test). (number of experiments).



Bestrophin 1 and 2 are components of the Ca®* activated CI” conductance in mouse airways 46

Best1 may support Ca®* signaling in airway epithelial cells

Stimulation by ATP leads to an initial release of Ca®* from the endoplasmic reticulum through
the phospholipase C / IP; pathway, which is followed by an extracellular Ca?" influx through
store-operated Ca?* channels. We compared the time course of the whole cell CI" current
activated by ATP and found that for vmd2+/+ cells (wt), an initial outwardly rectifying current
(open squares) was followed by a linear current with a pronounced inward component (filled
circles) (Fig. 5A). A linear i/v relationship of the Ca®" activated CI current suggests a high
intracellular Ca®* concentration in the close proximity of the CI" channel (65). When compared
to wt cells, the i/v curve for the ATP activated CI" current in vmd2-/- cells (KO) was slightly
more outwardly rectifying, and did not show a pronounced inward component (Fig 5B). This
may indicate a lower intracellular Ca®" concentration close to the CI" channel in vmd2-/- cells,
and may therefore suggest a role of best1 for regulation of Ca?" influx pathways, as

suggested in earlier reports (77;115).

A DIDS B | (NA) T~ +3.5
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Fig. 5. Activation of ca* dependent CI" currents in tracheal cells from vmd2+/+ (wt) mice and
vmd2-/- (KO) mice. A) Activation of whole cell currents by 100 yM ATP and inhibition by DIDS. B)
Current-voltage (i/v) relationships were obtained before stimulation (o), at the initial phase after
stimulation with ATP (m), 10s after initial activation (e), and after inhibition by DIDS (¢). (number of

experiments).
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These differences were not observed when CI” currents were activated directly by high
intracellular Ca®* concentrations (1 uM; open square) through the patch pipette filling solution
in whole cell patch clamp experiments (Fig. 6). Here 1 uM Ca®" activated linear CI currents in
both vmd2+/+ (wt) and vmd2-/- (KO) cells, while 0.1 pM Ca*" activated an outwardly
rectifying CI" current in both cell types (Fig. 6). However, the magnitude of the CI" current was
reduced in vmd2-/- cells. Notably, higher Ca®* concentrations (10 pM) induced a rundown of
the Ca?" activated CI” current, a phenomenon that has been described earlier (110). At any
rate, the magnitude of the CI" current was reduced in vmd2-/- cells and thus bestrophins may

have both functions that of a Ca* activated CI' channel and a regulator of Ca®* channels.

| wi | | KO |
A C
Ca?* free Cazt 10-7 Ca?* 10-6 Ca?* 10-5 Caz? free Caz 10-7 Ca* 10-6 Ca2+ 10-5
———e= ===
1 A J
200ms " 200m8"

D
o Ca* free o Ca? free
® Cazr 10-7 ¢ Ca>10-7
a Ca? 10-6 o Ca? 10-6
¢ Ca2 10-5 ¢ Ca** 10-5

-60

Fig. 6. Direct activation of Ca** dependent CI" currents by intracellular Ca** in tracheal cells
from vmd2+/+ (wt) mice and vmd2-/- (KO) mice. Activation of whole cell currents in vmd2+/+ cells
by different concentrations of intracellular Ca** (A) and corresponding current-voltage (i/v)
relationships (B). Activation of whole cell currents in vmd2-/- cells by different concentrations of
intracellular Ca®* (C) and corresponding current-voltage (i/v) relationships (D). Note that ca®

concentrations higher than 1 yM have an inhibitory effect. (number of experiments).

Discussion

The present data reveal that both best1 and best2 are components of the endogenous Ca**
activated CI" current in the mouse respiratory epithelium. Western blot analysis and
immunohistochemistry revealed low expression levels for best1 in mouse trachea, which
were substantially higher for best2. Negative stainings for best1 and missing detection of
best1 in Western blots from in vmd2-/- tracheas, indicates the specificity of our best1

antibody. As best1 expression is low in mouse trachea, it is difficult to say whether the
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protein is expressed in the luminal membrane or in a compartment close to the membrane.
The situation is somewhat different for best2, which is expressed in mouse airways at much
higher mRNA and protein levels. It appears to be localized within the luminal membrane.
Membrane staining of best2 was also reported in cilia of mouse olfactory sensory neurons
(98). Moreover, recently best2 was proposed to be the Ca** activated CI" channel in salivary
glands (86).

We examined preferentially the role of best1 and best2 for purinergic stimulation of CI
secretion, since this pathway is most important for the mucociliary clearance of the airways
particularly in mice, since they express only low levels of CFTR CI” channels (66). As P2Y is
the most abundant receptor, 85 % of the ATP stimulated CI” secretion is lost in P2Y, deficient
mice (19). Since expression of P2Y, is unchanged in tracheas of vmd2-/- mice it is unlikely
that the reduced Ca*" activated CI” currents in airway cells of these animals is due to reduced
expression of P2Y;, P2Ys or A2B receptors (Supplement 2). Physiological ATP
concentrations in the airway surface liquid probably never exceed 1 uM (91). At this
concentration and below, a difference was found between wt and best1-KO animals even in
Ussing chamber experiments. In the more quantitative whole cell patch clamp measurements
on primary tracheal epithelial cells, the present data disclosed a remarkable difference in the
magnitude and characteristic of the ATP activated CI" current between wt and best1-KO
mice. The results support the previous finding that best1 enables Ca®* dependent CI
secretion in mouse airways (11) and supply initial hints that best1 has a role for the Ca®*
regulation of the CI channel. Since both Ca?* signaling, i.e. regulation of Ca?* influx and
activation of CI" currents are intimately connected, it is difficult to examine both putative
functions of best1 separately. Along this line it should be noted that compartmentalized Ca**
signaling matters for channel regulation rather than cytosolic Ca?* concentration (1486).
Subsequent research will need to focus on the putative role of bestrophins for spatio-

temporal Ca®" signaling and its role for regulation of CI” secretion.

The rather weak expression of best1 along with the fact that best1-KO animals have no
obvious disease-phenotype asks for the importance of this protein. Although best2 is
expressed more dominantly, both best1 and best2 clearly contribute to the Ca?* activated,
i.e. ATP-induced CI" conductance in mouse airways. Ongoing studies along with a previous
report (130) show that both proteins interact with each other. Interestingly, the present results
also show that expression of best2-protein is reduced in best1-KO animals, and also best3-
mMRNA expression detected by real-time PCR was found to be reduced in vmd2-/- animals
(data not shown). This suggests some sort of co-regulation of bestrophin proteins and it will

be interesting to study double-knockout animals in the near future (48). In this context it is
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probably necessary to understand purinergic receptors, intracellular Ca®* signals, the role of

bestrophins and the CI" conductance as a functional unit.
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Supplement 1. Wt and KO relative mRNA expression. Relative expression of mRNA for purinergic

receptor subtypes in wt (vmd2+/+) and KO (vmd2-/-) animals assessed by real-time PCR.
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Supplement 2. Summary of the carbachol (CCH; 100 uM) activated whole cell CI' conductances
of tracheal epithelial cells of wt (vmd2+/+) and KO (vmd2-/-) animals. Cells were examined as

non-treated control cells and after treatment with best1-RNAi or best2-RNAi or scrambled RNAI.
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Chapter 4

Functional assembly and purinergic activation of bestrophins

Abstract

Proteins of the bestrophin family produce Ca®* activated CI" currents and may regulate
voltage gated Ca?* channels. Bestrophin 1 was first identified in the retinal pigment
epithelium, but was later also found in other epithelial tissues such as testis, airways, and
various epithelial cell lines, where it contributes to Ca?* activated CI transport. Four human
paralogs (hbest1 - hbest4) exist and for some dimeric and heterotetrameric structures have
been proposed. Here we demonstrate that hbest1 — hbest4 induce CI" conductances of very
different amplitudes upon expression in HEK293 cells. They also respond differently to
stimulation with the purinergic P2Y agonist ATP. Mutant forms of hbest1 that are known to
cause autosomal dominant macular dystrophy (Best disease), did not produce a CI" current.
Molecular and functional interaction and colocalization of bestrophins was detected in
HEK293 cells overexpressing hbest1 and hbest2 or hbest4, and was also found in airway
epithelial cells expressing endogenous bestrophins. Membrane expression was clearly
detectable for hbest2 and hbest4, but was weak for hbest1. However, hbest1 appears
necessary for ATP-induced CI" currents in both HEK293 and Calu-3 cells. Changes in ATP
induced intracellular Ca®* signaling were not observed upon expression of bestrophins. Since
native epithelial tissues typically express several bestrophin paralogs, these proteins may

exist as heterooligomeric structures.
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Introduction

Ca?* activated CI" channels (CaCC) are expressed in nearly all cell types (46). Ca®* activated
whole cell currents have been analyzed in many tissues but the molecular identity of CaCC
in epithelial tissues is unclear (52;87). In most tissues CaCC have small single channel
conductances and produce outwardly rectifying CI” currents at moderate intracellular Ca?*
levels. Activation of CaCC occurs through direct Ca?* binding and Ca?* dependent
phosphorylation by calmodulin dependent kinase Il (87;147). The channel is inactivated by
inositol 3,4,5,6-tetrakisphosphate, which is a downstream metabolic product of the inositol
trisphosphate (IP;) pathway (50). Recently identified small-molecule inhibitors of CaCC may
overcome the disadvantages of fairly nonspecific compounds such as 44'-
diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and niflumic acid (NFA), which have been
used in the past to inhibit CaCC (22;28).

Previously suggested molecular candidates for CaCC produced conflicting data (20;94).
CLCA proteins have been shown to produce a Ca®" activated chloride conductance in
epithelia, however they also function as cell adhesion proteins, promote apoptosis and may
even control cell cycling. It is not unlikely that CLCA proteins are part of a higher CI' channel
complex (70). CLC-3 was also suggested to form CaCC. Although CLC-3 is regulated by
CaMKIl, it appears to operate as an endosomal CI" channel. Moreover, the fact that CLC-3
knockout mice still produce Ca®*-activated CI” currents makes it an unlikely candidate for
CaCC (52)

In contrast, several reports support the role of bestrophin 1 (best1), the product of the
vitelliform macular dystrophy (VMD2) gene, as a Ca?* activated CI" channel (110;130;151).
Mutations in the VMD2 gene cause early-onset autosomal dominant macular dystrophy of
the retina, the so called Best disease (97). Initial studies detected this channel in the
basolateral membrane of the retinal pigment epithelium (RPE) (75). Although early reports
claimed exclusive expression of best1 in the RPE, later studies identified best1 in a number
of epithelial tissues and in neuronal cells (1;11;27;48;126). Other studies arrived at the
conclusion that best1 regulates voltage gated Ca?* channels (77;115). Here we examined if
human paralogs of bestrophin (hbest1-hbest4) enable secretagogue activation of Ca®*
activated CI" transport. We used ATP as a ligand for purinergic P2Y receptors. These
receptors, in particular the subtype P2Y,, are most important for activation of Ca®* dependent
CI" secretion in airways (11;19;85;119). In fact all bestrophins induced CI" conductances with
different functional properties and are able to form heterooligomers. The data support the

role of bestrophins for Ca®" activated CI transport in epithelial tissues (11).
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Material and Methods

Cell culture, cDNAs, transfection

HEK-293 and Calu-3 cells were cultured as described elsewhere (11;16). Fisher rat thyroid
cells were cultured in DMEM-F12 medium, supplemented with 10% FCS, 100.000 units/I
penicillin, and 100 mg/l streptomycin. cDNA constructs of human bestrophin 1 to 4 (VMD2,
VMD2L1, VMD2L3, VMD2L2) were kindly provided by Dr. J. Nathans (Johns Hopkins
University, Baltimore, USA). Human bestrophin 1 and P2Y, receptors were Hisgtagged at the
C-terminus. Human bestrophin 4 was Flag-tagged at the C-terminus by PCR, using primers
3’- GGGCCTTGTACGCTGTGC-5" and 3-
ATTCCCGGGTCACTTATCGTCGTCATCCTTGTAATCGGGCTCCAGGGCCTCGTCC-5".
Site specific mutations (D301E, R218C) were introduced into human bestrophin 1 using
QuickChange™ (Stratagene, Heidelberg, Germany). The EYFP-1152L plasmid was kindly
provided by Dr. A. Verkman (UCSF, San Francisco, USA). All cDNAs were verified by
sequencing. They were transfected into HEK293 or FRT cells (lipofectamine, Invitrogen,

Karlsruhe, Germany). All experiments were performed 48 hours after the transfection.

Western blotting and antibodies

Protein was isolated from HEK293 and Calu-3 cells and mouse colonic crypts in a buffer
containing 150 mmol NaCl, 50 mmol Tris, 100 mmol DTT, 1% NP-40, and 1% protease
inhibitor cocktail (Sigma, Taufkirchen, Germany). Equal amounts of total protein (20 ug) were
separated by 7% SDS-PAGE and Western blots were performed as described previously
(11). The peptides KDHMDPYWALENRDEAHS and PAPPWLPSPIGEEEE containing amino
acids 568-585 and 492-506 of human bestrophin 1 and 2, respectively, were used to
generate affinity-purified rabbit polyclonal antibodies (Davids Biotech, Regensburg,

Germany). The hbest-4 antibody was from Abcam (Cambridge, UK).

Immunoprecipitation

Prior to addition of 1-5 pg of the primary antibody, lysates were pre-cleared with protein A/G
agarose beads (Pierce, Rockford, USA). Pre-cleared protein lysates were incubated
overnight at 4°C with primary antibodies, and the protein-antibody complex was immobilized
by addition of 25 pl protein A/G agarose beads. The beads were washed three times in lysis
buffer (1 % TX-100, 10 % glycerol, 1 x PBS pH 7.4), boiled in 1 x Laemmli sample buffer and
proteins were analyzed by SDS-PAGE and immunoblotting.
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Immunohistochemistry and confocal microscopy

Transfected HEK-293 cells were grown on glass cover slips and fixed for 10 min at room
temperature with 4 % (w/v) para-formaldehyde. After washing, cells were permeabilized with
blocking/permeabilization solution (10 % (v/v) goat serum, 0.5 % (v/v) triton X-100 in 1x PBS)
for 30 min and labeled for 1 hour with primary (1:1000) and secondary antibodies (1:1000,
conjugated with Alexa 488 and Alexa 594, Invitrogen). Nuclei were labeled with Hoe33342
(Aplichem, Darmstadt, Germany) at a final concentration of 0.1 ug/ml in 1x PBS. Cellular
compartments were labelled with: (lysosomes) rat anti-mouse LAMP1 (ID4B; Developmental
Hybridoma Bank, University of lowa), (Golgi) mouse monoclonal anti-Golgi 58 kDa protein
antibody (a generous gift of Dr. M. Amaral), (mitochondria) mouse monoclonal anti MTCO1
antibody (Abcam, Cambridge, UK), (endoplasmic reticulum) rabbit polyclonal anti-calreticulin
antibody (a generous gift of Dr. Ralph Witzgall, Regensburg, Germany). Cells were mounted
on a confocal matrix (Micro Tech Lab, Graz, Austria) and examined with an Axioskop (Zeiss,
Gottingen, Germany) fluorescence microscope. Confocal images were quantitatively
analyzed using an image software package. Pearson’s correlation coefficient (PCC) was

employed to evaluate colocalization.

Measurement of the intracellular Ca®* concentration and iodide quenching

HEK293 cells were loaded with 2 yM Fura-2 AM and intracellular Ca®* concentrations were
measured as described previously (123). YFP,52. fluorescence was excited (wave length 500
nm) using a polychromatic illumination system for microscopic fluorescence measurements
(VisiChrome, Germany) and light emission was measured at 535 = 15 nm with a
photomultiplier detector (SF, Zeiss). Quenching of YFP,is. fluorescence by I influx was

induced by replacing 20 mM extracellular CI" by I'.

Ussing chamber and patch clamp

FRT cells grown on permeable supports (Millipore, Schwalbach, Germany) were mounted
into a perfused micro Ussing chamber. Apical and basolateral surfaces of the epithelium
were perfused continuously with Ringer solution at a rate of 5 - 10 ml/min (chamber volume 2
ml). All experiments were carried out at 37 °C under open circuit conditions (11).
Transepithelial resistances (Ri) were determined by applying short (1 s) current pulses (I =
0.5 pA) and recording of corresponding changes in the transepithelial voltage (Vi). The
equivalent short-circuit current (lsc) was calculated according to Ohm’s law from Vi, and R
(Isc = Ve / Ree). For patch clamp experiments, cover slips were mounted on the stage of an
inverted microscope (IM35, Zeiss, Goéttingen, Germany), kept at 37 °C and perfused
continuously with Ringer solution. Experiments were performed in fast and slow whole cell

configurations as described previously (11).
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Materials and statistical analysis

All compounds used were of highest available grade of purity and were from Sigma
(Taufkirchen, Germany) or Merck (Darmstadt, Germany). All cell culture reagents were from
Invitrogen. Student’s t-test (for paired or unpaired samples as appropriate) and analysis of
variance (ANOVA) was used for statistical analysis. P values < 0.05 were accepted as

significant.

Results

Anion conductances induced by expression of bestrophins

Bestrophin paralogs were coexpressed individually together with YFP,152. in HEK293 cells
and anion conductances was assessed by iodide uptake, which induced quenching of
YFP150. fluorescence (37). To that end 20 mM CI” was isotonically replaced by I in the
absence or presence of 100 yM ATP, which was used as a purinergic receptor agonist to
raise intracellular Ca?* levels (11). HEK293 cells express only low levels of endogenous
hbest1 and unrelated CI" channels (not shown). Therefore ATP only marginally increased
quenching in control (YFP) cells (Fig. 1). Expression of both hbest2 and hbest4 enhanced
baseline anion conductances in HEK293 cells, while expression of the disease causing
mutant hbest1-R218C suppressed the baseline anion conductance (Fig. 1B). Similar was
observed for another disease causing mutant, hbest1-D301E (n = 20, data not shown). ATP
further enhanced anion conductances in cell expressing hbest1 and hbest3, but did not
further increase the large baseline CI" conductance found in hbest2 and hbest4 expressing
cells. Activation of hbest1 by ATP was not augmented by coexpression of P2Y,-receptors
(Supplement 3). Taken together, the human bestrophins 1 - 4 produce anion conductances
that show remarkable differences in size and coupling to purinergic stimulation. The fact that
hbest1 is necessary to induce ATP-activated CI” currents in HEK293 cells, fully complies with

previous results obtained in native epithelial tissues (11).
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Fig. 1. Purinergic activation of bestrophins. A) Recordings of YFP,55. fluorescence (arbitrary units)
in hBest transfected HEK293 cells. Fluorescence quenching was induced by isotonic application of 20
mM I in the absence (grey box) or presence (black box) of 100 yM ATP. B) Summary of I" induced
fluorescence quenching in hbest expressing cells. * significant increase by ATP (paired Student’s t-
test). # significant difference when compared to YFP (ANOVA). § significantly enhanced effect of ATP

when compared to YFP. Number of experiments = 36 - 136.

To further confirm these results, bestrophins were examined in whole cell patch clamp
experiments with HEK293 cells, before and after stimulation with ATP. Expression of both
hbest1 and hbest3 induced ATP activated CI" currents, which were only of small amplitude in
case of hbest3 (Fig. 2). As shown in the quenching experiments (Fig. 1), hbest2 and hbest4
induced a high baseline CI" conductance that was not further enhanced by ATP. Similar
results were obtained when cells were exposed to the Ca®" ionophore ionomycin (1 uM), or
when experiments were performed in the slow whole cell configuration (Fig. 2E). Except for
hbest4 expressing cells, which had a rather depolarized membrane voltage (Vm) due to large
CI" currents, Vm of HEK293 cells was depolarized upon stimulation with ATP. Replacement
of 140 mmol bath CI by gluconate (5CI") inhibited whole cell currents and shifted I/V curves
to more depolarized clamp voltages after stimulation with ATP (hbest1) or in non-stimulated
cells (hbest4) (Fig. 2C,D). Both CI" conductances induced by hbest1 and hbest4 were
inhibited by 100 uM DIDS, similar to endogenous Ca?* activated CI" conductances in

epithelial cells (Fig. 2F).
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Fig. 2. Bestrophins induce whole cell CI' conductances. A) Whole cell currents in hbest expressing
HEK293 cells before and after stimulation with ATP (100 uM) as measured by voltage clamping from -
60 to +40 mV. B) Summary of the calculated whole cell conductances and membrane voltages
measured in HEK293 cells. C) Summary I/V curve for hbest1 expressing HEK293 cells after
stimulation with ATP and shift of the I/V curve by replacement of extracellular CI" by gluconate (5CI).
D) Summary I/V curve for hbest4 expressing HEK293 cells without ATP- stimulation and shift of the
I’V curve by replacement of extracellular CI' by gluconate (5CI). E) Summary of the whole cell
conductances for hbest1 and hbest4 when cells were exposed to the ca® ionophore ionomycin (1 uM)
in the fast or slow whole cell configuration. F) Summary of the ATP (100 pM)-induced whole cell CI
conductances for hbest1 and hbest4 expressing HEK293 cells and inhibition by DIDS (100 pM). *
significant increase by ATP (paired Student’s t-test). # significant difference when compared to YFP
(ANOVA). ¥ significantly enhanced effect of ATP when compared to YFP. Number of experiments = 9 -
44,

Functional interference of bestrophin paralogs

Single expression of either hbest2 or hbest4 induced a pronounced anion conductance that
was, however, not further enhanced by stimulation with ATP. When coexpressed with hbest1
or hbest3, baseline anion conductances generated by hbest2 or hbest4 were significantly
inhibited (Fig. 3). Thus bestrophin paralogs may interact with each other and probably form

heterooligomers.
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Fig. 3. Coexpression of human bestrophins. A) Recordings of YFP5; fluorescence (arbitrary
units) in hbest2 transfected HEK293 cells coexpressing hbest1, hbest3 or hbest4. Fluorescence
quenching was induced by isotonic application of 20 mM I in the absence (grey box) or presence
(black box) of 100 uM ATP. B) Summary of I" induced fluorescence quenching in HEK293 cells
expressing hbest2 or hbest4 or coexpressing two different bestrophins. * significant increase by ATP
(paired Student’s t-test). # significant difference when compared to YFP (ANOVA). § significantly

enhanced effect of ATP when compared to YFP. Number of experiments = 19 - 39.

Inhibition of hbest2 and hbest4 CI" currents was also found by coexpression with disease-
causing mutants such as hbest1-R18C or hbest1-D301E (Supplement 1). Interestingly
coexpression with mouse best1 did not reduce iodide quenching by hbest4 (4.8 £ 0.29 vs.

3.8 £ 0.22; n = 39), suggesting poor oligomerization of human and mouse bestrophins.

Functional interference of bestrophins was also observed in patch clamp experiments. ATP
(100 pM) induced whole cell conductances in hbest1-expressing HEK293 cells were reduced
by coexpression with hbest2 or hbest4 (Fig. 4A). These results are further supported by
experiments with Fisher rat thyroid (FRT) cells expressing human bestrophins. Filter grown
FRT cells were permeabilized basolaterally with nystatin (50 pg/ml). A luminal CI
conductance was activated by ATP in FRT cells expressing hbest1, but not in cells
coexpressing hbest2 or hbest4 (Fig. 4B). Thus bestrophin paralogs are functionally different

and are likely to interact heterologously and probably in native cells (48;80).

It has been suggested that bestrophin 1 regulates voltage gated Ca** channels in RPE cells
(77;115). Because bestrophins may induce CI" conductance by controlling intracellular Ca*
levels, we examined potential effects of hbest1-hbest4 on intracellular Ca®" signaling,

induced by stimulation of purinergic receptors. As shown in the inset of Fig. 4C, 100 uM ATP
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caused peak and plateau Ca?* increase in YFP expressing (control) HEK293 cells. While the
peak resembles Ca?* release from the endoplasmic reticulum, the plateau is caused by Ca**
influx through store operated Ca?* channels. However, neither store release nor Ca® influx
appeared to be affected by expression of bestrophins (Fig. 4C). Similar results were obtained
for cells expressing mutant hbest1-D301E (data not shown). Thus human bestrophins don’t
appear to change receptor mediated Ca®* signaling in HEK293 cells. Moreover, high baseline
CI" conductances observed for hbest2 and hbest4 in non-stimulated HEK293 cells are not

caused by an increase in basal cytosolic Ca®" levels.
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Fig. 4. Coexpression of bestrophins and effect on ca® signalling. A) Summary of Ca®*- (100 pM
ATP) induced whole cell conductances in HEK293 cells expressing hbest1 or coexpressing two
bestrophins (n = 10 — 44). B) Summary of ATP induced conductances in basolaterally permeabilized
FRT-cell monolayers expressing hbest1 or coexpressing two bestrophins (n = 5 — 6). C) Intracellular
Ca®" concentrations ([Ca2+]i) in bestrophin- expressing HEK293 cells. [Ca2+]i was determined under
resting conditions (rest) and peak and plateau increase were observed after stimulation with ATP

(insert) (n = 47 — 121). * significant effect of ATP when compared to resting Ca®* (paired Student’s t-
test).
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Molecular interaction of bestrophins

We explored cellular colocalization of human bestrophins in HEK293 cells by cotransfection
of His-tagged hbest1 together with hbest2 or Flag-tagged hbest4, using
immunocytochemistry and confocal microscopy. Tagged bestrophins produced anion
conductances and demonstrated functional interference similar to the non-tagged proteins
(Supplement 1). Immunocytochemistry suggested cellular colocalization of hbest1/hbest2,
hbest1/hbest4 and hbest2/hbest4 (Fig. 5A-C). Pearson’s co-localization coefficients were
assessed using quantitative confocal microscopy. High coefficience was detected for
hbest1/hbest2 (92 %), hbest1/hbest4 (93 %) and hbest2/hbest4 (93 %), In contrast hbest1
and P2Y, receptors colocalized only weakly (21 %), and therefore poor membrane
expression was found for hbest1 (Fig. 5D). In contrast to hbest1, hbest2, hbest4 and mbest2

(Supplement 2) are clearly membrane localized.

hBest2

A hBest2 hBest1-His  overlay hBest4-Flag overlay

hBest1 hP2Y2-His  overlay

B hBest1

Fig. 5. hbest1/hbest2 and hbest1/hbest4 are colocalized. Using anti-hbest1, anti-hbest2, anti-His
and anti-Flag antibodies, immunohistochemistry indicated a cellular colocalization of hbest1-
His/hbest2 (A), hbest1/hbest4-Flag (B) and hbest2/hbest4-Flag (C), while hbest1 and coexpressed
His-tagged P2Y, receptor did not colocalize (D). Bar indicates 20 ym. Experiments were performed at

least in triplicates.

Different to recombinant hbest1 in HEK293 cells, endogenous best1 in porcine RPE is
located close to or within the basolateral plasma membrane, as judged from confocal images
(Fig. 6A). We examined whether hbest1 is localized in a particular intracellular compartment
in HEK293 cells. We co-stained hbest1 and different intracellular compartments such as
lysosomes, endoplasmic reticulum, Golgi or mitochondria. Confocal microscopy suggested

localization of hbest1 in the ER but not in any of the other compartments (Fig. 6B).
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Fig. 6. Expression of hbest1 in native RPE and HEK293 cells. A) Immunohistochemistry of best1
expressed in native porcine retinal pigment epithelium (left lower). Asterisks indicate basal (choroidal)
compartment. Con indicates control staining using preimmune serum (left upper). Right upper and
right lower confocal images (ApoTome) suggest basolateral membrane expression of best1 in porcine
RPE cells. B) Immunohistochemistry of hbest1 expressed in HEK293 cells. Co-staining of intracellular
membrane compartments suggests that some of the expressed hbest1 is localized in the endoplasmic
reticulum (yellow overlay). No colocalization is found with markers of lysosomes, Golgi-compartment
or mitochondria (confocal images using ApoTome). Bar indicates 20 um. Experiments were performed

at least in triplicates.

Molecular interactions of hbest1 with hbest2 or hbest4 were further examined by
coimmunoprecipitation. To that end we coexpressed His-tagged hbest1 and hbest2 in
HEK293 cells. hbest2 (57 kDa) was immunoprecipitated using anti-hbest2 and
coimmunoprecipitated His-tagged hbest1 (68 kDa) was detected by His- antibodies (Fig. 7A).
Anti-hbest1 antibodies were used to immunoprecipitate hbest1, and coimmunoprecipitated
hbest4-Flag (55 kDa) was detected by Flag- antibodies (Fig. 7B). In contrast His-tagged
P2Y, receptors did not coimmunoprecipitate with hbest1 (Fig. 7C).

Moreover, we identified interaction of hbest1 and hbest4 in native Calu-3 airway epithelial
cells by co-immunoprecipitating hbest1 and hbest4 (Fig. 7D). Calu-3 cells only express
hbest1 and hbest4 (11) and show Ca?* activated (100 uM ATP) CI' conductance, which is no
longer detectable upon RNAi-knockdown of hbest1 (11) (Fig. 7E). In contrast, hbest1-RNAI
treated Calu-3 cells have a higher baseline CI" conductance, similar to hbest-4 expressing
HEK293 cells (Fig. 7F). Taken together these results and the fact that native epithelia such
as the colonic epithelium (Fig. 7G) or renal and airway epithelial cells (11) coexpress several
bestrophins, strongly suggests interaction of bestrophins in native epithelia. Co-assembly of
bestrophins paralogs appears necessary to impart receptor mediated stimulation of Ca®'

activated CI” channels.
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Fig. 7. Coimmunoprecipitation of hbest1/hbest2 and hbest1/hbest4. A) His-tagged hbest1 and

hbest2 were coexpressed in HEK293 cells. Expression of hbest1 and hbest2 was detected by

Western blot. hbest2 (57 kDa) was immunoprecipitated using anti-hbest2 and coimmunoprecipitated

hbest1 (68 kDa) was detected by His- antibodies. B) Coexpression of hbest1 and Flag-tagged hbest4

was detected by Western blot. hbest1 (68 kDa) was immunoprecipitated using anti-hbest1 and

coimmunoprecipitated hbest4 (55 kDa) was detected by Flag-antibodies. C) Coexpression of hbest1

and His-tagged hP2Y2 was detected by Western blot. hbest1 was immunoprecipitated using anti-

hbest1 but did not coimmunoprecipitate P2Y,. D) Coimmunoprecipitation of hbest1 and hbest4

coexpressed endogenously in Calu-3 human airway epithelial cells. E) Western blot of hbest1

indicating RNAi-knockdown of hbest1 in Calu-3 cells. F) Summary of the whole cell conductances and

membrane voltages measured in Calu-3 cells treated with hbest1-RNAi or with scrambled RNA. G)

Western blot of mbest1 and mbest2 indicating coexpression in mouse proximal and distal colon.

Experiments were performed at least in triplicates.
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Discussion

Bestrophins are functionally different

In a recent in silico analysis of the molecular evolution of bestrophins a significant functional
divergence was found between bestrophin 4 and the other family members, as well as
between bestrophin 2 and bestrophin 3 (80). Interestingly, both best1 and best3 have
extended C-terminal amino acid sequences, when compared to best2 and best4. Stimulation
by ATP activated a CI" conductance in HEK293 cells expressing hbest1. A much smaller but
still detectable CI' conductance was found in hbest3 expressing cells, which is in good
agreement with previous studies identifying a short inhibitory motif in the C-terminus of
mbest4 (hbest3) (103;111). In contrast the human paralogs hbest2 and hbest4, which have
shorter C-termini and therefore probably lack of inhibitory motifs, produced large CI
conductances in HEK293 cells even in the absence of ATP or ionomycin. This suggests that
the C-termini of hbest1 and hbest3 have regulatory functions that enable receptor mediated
activation of Ca** dependent CI" conductance. Since native epithelia always express several
bestrophin paralogs (11) and because interaction is also observed for endogenous

bestrophins, they may function as heterooligomers in native epithelia.

Bestrophins - a component of Ca**-activated CI channels

Evidence was provided by several laboratories that bestrophins form Ca?**-activated CI
channels and that disease causing mutations in hbest-1 impair chloride channel function
(107;110;130;138;139;151). In a previous study we showed that best-1 is a component of
endogenous Ca?*-activated CI currents in mouse airways and a number of epithelial cell
lines (11). The Hartzell team was able to suppress endogenous CaCC by best-1-RNAi in
Drosophila S2 cells (16;27). Single channel analysis demonstrated the expected small single
channel conductance of 2 pS for best-1 channels (16). Moreover best2 was identified as a
molecular component of the Ca?*-activated CI" channel in mouse olfactory cells (98). In
contrast, Rosenthal and coworkers found that bestrophin 1 modulates voltage gated Ca?*
channels in RPE cells by shifting their voltage-dependence closer to the resting potential
(115). Surprisingly the Marmorstein lab reported an augmented ATP induced Ca?* increase
in RPE cells from best1 (vmd2-/-) knockout mice when compared to wt animals. Ca®'
activated CI” currents were indistinguishable between wt and vmd2™ mice, although subtle

differences in the whole cell currents were found with low intracellular Ca** (77).

As Hartzell and coworkers pointed out in a recent review article, both functions of best1 as a
CI" channel and as a regulator of Ca®* channels are not mutually exclusive (48). Although the

present results do not supply a direct answer to the question whether bestrophins are CI
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channels or channel regulators, they imply that hbest1 is a component of the Ca*" activated
CI" conductance activated by ATP. However, no effects on intracellular Ca?* signaling could
be detected.

HEK293 cells express low levels of proteins important for intracellular Ca** signaling such as
STIM and Orai/CRACM (122;152). This may explain why the magnitude of ATP induced CI
conductance was relatively small compared to that found for endogenous bestrophins (11).
However, it may also be due to weak membrane expression of hbest1 in HEK293 cells (63).
Tsunenari and coworkers found that most hbest1 protein expressed in HEK293 cells

accumulates in cytosolic vesicles (139).

Ca**-activated CI" channels — a complex of proteins?

We present evidence for functional and molecular interaction of hbest1 and hbest2 or hbest4,
respectively. According to the present results, hbest1 and hbest3 regulate the large CI
conductance caused by hbest2 and hbest4. A previous study by Sun et al. also suggested
that hbest1 and hbest2 heterooligomerize, thereby allowing for combinatorial channel
diversity (130). Such a protein assembly, together with additional auxiliary proteins may be
necessary for proper membrane expression and activation by intracellular Ca®*. However,
purinergic regulation of Ca®" activated CI" channels may not be tightly coupled to intracellular
Ca*" activity (129). The group by Hopfer found that calcium is not required for purinergic CI
secretion in colonic carcinoma cells (43). In our hand, the Ca?* ionophore ionomycin had only
weak effects on Ca?" dependent CI" secretion in airway epithelial cells, although cytosolic
Ca?* was raised to maximal levels. Moreover, Ca®* chelating agents such as BAPTA-AM only
partially inhibited Ca?* activated CI" currents in mouse tracheas (11). This supports the
concept that CI channel activity is not tightly linked to intracellular Ca?* levels. However, we
also found that emptying of intracellular Ca®* stores by cyclopiazonic acid completely
eliminates purinergic CI” secretion (11). This suggests that local Ca?* increase in a confined
compartment is relevant of activation of CI" channels, rather than a global rise in cytosolic
Ca?*. In fact Wong and Ko nicely demonstrated that CI” secretion mediated by purinergic P2Y
receptors in polarized epithelial cells occurs via membrane-restricted Ca?* signaling (146). It
may be therefore important to determine the role of bestrophin-heterooligomers for localized

Ca? signaling and purinergic activation of CI transport.
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Supplement 1. Expression of Flag-tagged hbest4 and His-tagged hbest1 in HEK293 cells. Anion
conductance was assessed by quenching of YFP fluorescence by isotonic application of 20 mM I’
before (grey bar) and after (black bar) application of 100 uM ATP. # significant decrease by
coexpression with hbest1 (ANOVA). * significant increase by stimulation with 100 yM ATP (paired t-

test). Number of experiments = 17 — 33

Supplement 2. Immunohistochemistry (confocal microscopy) of bestrophins expressed in
HEK293 cells. Left: hbest2 (green).Middle: hbest4 (red). Right: hbest1 (red) & mbest2 (green).
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Supplement 3: Expression of hbest1, hP2Y2 or coexpression of both proteins in HEK293 cells.
Anion conductance was assessed by quenching of YFP fluorescence by isotonic application of 20 mM
I before (grey bar) and after (black bar) application of 100 uM ATP. * significant increase by ATP
(paired Student’s t-test). Number of experiments = 12 - 27.
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Chapter 5

Eag1 and Bestrophin 1 are upregulated in fast growing colonic

cancer cells

Abstract

lon channels like voltage gated ether & gogo (Eag1) K* channels or Ca*" activated CI°
channels have been shown to support cell proliferation. Bestrophin 1 (best1) has been
proposed to form Ca*" activated CI channels in epithelial cells. Here we show that original
Tgs colonic carcinoma cells grow slow (Tgs-slow) and express low amounts of Eag1 and
best1, while spontaneously transformed Tg4 cells grow fast (Tgs-fast) and express high levels
of both proteins. Both Eag1 and best1 currents are upregulated in Tg4-fast cells. Eag1
currents were cell cycle dependent, with upregulation during G1/S transition. Tgs-slow but not
Tes-fast formed tight monolayers when grown on permeable supports. RNAI inhibition of Eag1
and best1 reduced proliferation of Tg4-fast cells, while overexpression of best1 turned Tgs-
slow into fast growing cells. Eag1 and best1 improve intracellular Ca?* signaling and cell

volume regulation. These results establish a novel role of bestrophins for cell proliferation.
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Introduction

An increasing number of studies demonstrate proliferative effects of membrane ion channels
(141). Voltage gated K* channels and other types of K* channels are expressed in numerous
types of tumors, where they may serve as diagnostic and prognostic markers and potential
drug targets (92;118;128). Eag1 channels are probably necessary for progression through
the G, phase and Gy/G; transition of the cell cycle (145). A recent study demonstrates the
hyperpolarizing effects of Eag1 and other Kv channels on the membrane voltage of Tg4 cells,
which supports intracellular pH regulation and Ca?* increase, necessary for proliferation
(124).

Much less is known about the role of Ca®" activated CI" channels for cell proliferation (58).
This may be due to the ongoing controversy regarding the molecular nature of Ca?* activated
CI' channels (63). A family of putative Ca?* activated CI" channels (CLCA) has been
identified, which also controls cell-cell adhesion, apoptosis and cell cycle. However, their
structure and biophysical properties are poorly understood (52;94). Recent studies defined
bestrophin proteins as bona fide Ca** activated CI" channels. The CI" currents generated
upon expression of bestrophin show many of the properties found for native Ca®* activated
CI" currents (104;130;139). However, bestrophins have also been proposed to function as
regulators of voltage gated L-type Ca®* channels (115). Our own ongoing work in epithelial
cells supports both concepts in that bestrophins may form part of a CI" channel complex or

may couple intracellular Ca®* signals to CI” channels of unknown molecular identity (11).

In the present report we demonstrate that both voltage gated Eag1 K* channels and
bestrophin (best1) CI" channels support proliferation of fast growing Tg4 colonic carcinoma
cells. The fast growing Tg4 cell clone was obtained through a spontaneous transformation of
slow-growing Tg4 cells. In contrast to slow growing Tg, cells, transformed cells do not form
polarized monolayers and show a remarkable upregulation of Eag1 and best1 expression.

We demonstrate that both currents are in charge of enhanced cell proliferation.

Material and Methods

Cell culture and proliferation studies
Human colorectal carcinoma epithelial Tg4 cells (ATCC, Rockville, MD, USA) were grown in
DMEM/Ham's F-12 medium (1:1) supplemented with 10% fetal bovine serum, 2 mM

glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin (Invitrogen, Karlsruhe,



Eag1 and bestrophin 1 are upregulated in fast growing colonic cancer cells 69

Germany) at 5% CO,/37°C. Cells were seeded on fibronectin (Invitrogen)/collagen (Cellon,
Luxembourg) coated glass cover slips or permeable supports (snap-well, Costar). Typically
these cells grow slowly as polarized monolayers (Tgs-slow). Due to spontaneous
transformation, a Tg4 cell line was selected which grew remarkably faster (Ts4-fast). For
proliferation assays cells were plated at a density of 2000 cells/0.35 cm? and incubated 2
days later with either niflumic acid (0,01—100mM) or astemizole (0,5-5000nM). Cell
proliferation was assessed by 5-bromo-2’-deoxyuridine (BrdU) incorporation using an ELISA
kit (Roche, Penzberg, Germany) and cell counting. The cell number was assessed after
fixation in 3.7% formaldehyde / 0.5% Triton X-100 for 30 minutes at room temperature and
after staining with Mayers hemalaun (Merck, Darmstadt, Germany) for 5 minutes. Digitized
microscopic images were taken (Fluovert FS, Leitz, Germany) and nuclei were counted using
imaging software (TINA 2.09g). Toxicity of the blockers was assessed using Trypan Blue

(Sigma). Each experiment was performed at least in triplicate.

Cell cycle, FACS analysis, Caspase assay, RT-PCR

Cells were synchronized into early G1 by 24h serum starvation. Incubation in thymidine (2
mM), (Sigma) halted the cells at G1/S transition. 36h treatment with demecolcine (0.05
Mg/ml) (Sigma) synchronized into M phase. Synchronization was verified by FACS
(COULTER EPICS® XL-MCL, Beckmann, Miami, USA) using propidium iodide staining of the
DNA (Sigma). Apoptosis was analyzed after 8h and 24 h incubation with the protein kinase C
inhibitor staurosporine (1 uM), (Sigma) and detection of cleaved caspase-3 in Western blots
using rabbit anti-human caspase-3 antibody (1:1000, Cell Signaling Technology, Inc.,
Danvers, USA). For RT-PCR total RNA was isolated using NucleoSpin RNA |l columns
(Macherey-Nagel, Duren, Germany). 1 ug total RNA was reverse transcribed for 1 h at 37°C
using random primer and RT (M-MLV Reverse Transcriptase, Promega, Mannheim,
Germany). For PCR the following primers were used: hEag1 (KCNH1, NM_002238): 5'-
CGCATGAACTACCTGAAGACG-3’ (s), 5-TCTGTGGATGGGGCGATGTTC-3" (as), 560 bp.
hbest1 (VMD2, NM_004183): 5-CTGCTCTGCTACTACATCATC-3’ (s), 5'-
GTGTCCACACTGAGTACGC-3" (as), 552 bp. The conditions were: 94°C / 2 min, 35 cycles
of 94°C / 30 sec, 58°C / 30 sec and 72°C / 1 min. PCR products were visualized by loading

on 2% agarose gels and verified by sequencing.

Downregulation of best1 and Eag1 expression by RNAi

Three different batches (A,B,C) of duplexes of 21-nucleotide RNAi with 3'-overhanging TT
were purchased from Invitrogen (Karlsruhe, Germany). The sense strands of the RNAIi used
to silence the best1 gene were 5- AAUUCCUGUCGACAAUCCA-GUUGGU -3°(A), 5'-
AUCUCAUCCACA-GCCAACAGGGACA -3'(B), and 5'-
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UAAAUAAAGCGGAUGAUGUAGUAGC -3(C). RNAIi sequences for Eag1 are shown in
(124). Fluorophore labeled RNAi and exposure to the transfection reagent lipofectamine
2000, (Invitogen) served as controls. After 48 hrs cells were further processed in proliferation

assays and for western blotting.

Detection of Eag1 and best1 by Western blotting

Tgs cells were homogenized in lysis buffer (mmol/l: NaCl 150, Tris 50, DTT 100, 1% NP-40,
and 1% protease inhibitor cocktail) (Sigma). Equal amounts of total protein (50 pg) were
separated by 7% SDS-PAGE, transferred to Hybond-P (Amersham Biosiences, Freiburg,
Germany) and incubated with either rabbit anti-hKv10.1 (Eag1) (Alomone labs, Jerusalem,
Israel) or rabbit anti-hVMD-2 (best1) (11) antibodies. Proteins were visualized using goat
anti-rabbit 1gG conjugated to horseradish peroxidase (Acris Antibodies, Hiddenhausen,
Germany) and ECL (Amersham). Signals were detected by an Fluor-STM Multilmager (Bio-
Rad Laboratories, Hercules, USA).

Measurement of the intracellular Ca** concentration and cell volume

Tgs cells were loaded with 2 yM Fura-2 AM (Molecular Probes, Eugene, USA) in Opti-MEM
medium (GIBCO) with 2.5 mM probenecid (Sigma) for 1h at room temperature. Fluorescence
was detected in cells perfused with ringer solution containing 2.5 mM probenecid (Sigma) at
37°C, using an inverted microscope IMT-2 (Olympus, Nirnberg, Germany) and a high speed
polychromator system (VisiChrome, Puchheim, Germany). Fura-2 was excited at 340/380 nm
and emission was recorded between 470 and 550 nm using a CCD camera (CoolSnap HQ,
Visitron). [Ca?']; was calculated from the 340/380 nm fluorescence ratio (after background
subtraction). The formula used to calculate [Ca®']; was [Ca®']i = Ky X (R-Ruin)(Rmax-R) X
(Sr/Sp2) where R is the observed fluorescence ratio. The values Riyax, Rmin (maximum and
minimum ratios) and the constant S;,/Sy, (fluorescence of free and Ca**-bound fura-2 at 380
nm) were calculated, using 2 pmol/l ionomycin (Calbiochem), 5 pmol/l nigericin, 10umol/l
monensin (Sigma) and 5 mmol/l EGTA to equilibrate intracellular and extracellular Ca** in
intact fura-2-loaded cells. The dissociation constant for the fura-2-Ca*" complex was taken as
224 nmol/l.

Patch clamping

Cell culture dishes were mounted on the stage of an inverted microscope (IM35, Zeiss,
Germany), and perfused continuously (37°C) with Ringer solution. Patch-clamp experiments
were performed in the fast and slow whole-cell configuration. Patch pipettes had an input
resistance of 2—4 MQ, when filled with a solution containing (mM) KCI 30, K-gluconate 95,
NaH,PO, 1.2, Na,HPO, 4.8, EGTA 1, Ca-gluconate 0.758, MgCl, 1.034, D-glucose 5, ATP 3.
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pH was adjusted to 7.2, the Ca®" activity was 0.1 uM. The access conductance was
monitored continuously and was 60—120 nS. Currents (voltage clamp) and voltages (current
clamp) were recorded using an EPC7 amplifier (HEKA, Darmstadt, Germany), the LH1600
interface and PULSE software (HEKA) as well as Chart software (AD-Instruments,
Spechbach, Germany). In intervals membrane voltages (V) were clamped in steps of 10 mV
from -50 to +50 mV relative to resting potential. The membrane conductance G, was

calculated from the measured current (1) and V. values according to Ohm’s law.

Cell volume was measured directly by a Zeiss-Axiovert 200M/ApoTome using Axiovision
software or was assessed by fluorescence measurements in calcein (2 uM; Molecular
Probes, USA) loaded cells at an excitation of 500 nm and emission of 520-550 nm. The
experiments were done in the presence of 2.5 mM probenecid. The control isotonic solution
(290 mOsm) was prepared by adding 120 mM mannitol. The hypotonic (170 mOsm) and

control isotonic solution contained 85 mM NaCl.

Materials and statistical analysis

All compounds used were of highest available grade of purity. Astemizole, niflumic acid
(NFA), DIDS, tetrapentylammonium (TPeA), carbachol, and ATP were all from SIGMA
(Taufkirchen, Germany). Student’s t-test (for paired or unpaired samples as appropriate) and
analysis of variance (ANOVA) was used for statistical analysis. P<0.05 was accepted as

significant.

Results

Fast growing colonic carcinoma cells (Tgs-fast) express Eag1 and best1
Teq cells typically grow in slowly expanding patches (Tg4-slow). At passage number 73, the

cell line spontaneously changed its growth pattern, i.e. the cells grew remarkably faster (Tgs-
fast) as single cells, non-polarized and above each other (Fig.1A,B). Tgs-slow formed tight
monolayers with a transepithelial resistance (Ry) of 2.2 + 0.3 kQcm? (n= 25), when grown on
permeable supports, while Tgs-fast did not (0.12 + 0.07 kQcm?; n= 23). Thus, growth pattern
or phenotype were not changed by the way the cells were grown. We examined apoptosis in
both cell lines by Western blotting and analyzed uncleaved and cleaved caspase 3. Small
amounts of cleaved caspase 3 were detected in Tgs-slow but not in Tgy-fast cells, after
treatment with the PKC inhibitor staurosporin (1 uM) (Fig. 1C).

Semi-quantitative RT-PCR analysis was performed for voltage gated K* channels (Eag1) and

putative Ca®** activated CI" channels (best1), using R-actin as an internal standard.
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Densitometric analysis suggested transcript numbers for Eag1 and best1 that were at least
10 times higher in Tgs-fast cells. Thus much higher protein expression was found for Eag1
and best1 in Tg4-fast cells in Western blots (Fig. 1D). The membrane conductance properties
were analyzed in Tgs-slow and Tgs-fast cells in whole cell patch clamp experiments and
membrane voltages (Vm) were measured in the current clamp mode. Tgs-slow cells (n = 8)
were more hyperpolarized (-51.7 + 5.6 mV) and had a lower baseline conductance (3.8 + 0.7
nS) than Tgy-fast cells (-36.6 + 2.9 mV and 23.8 + 2.9 nS, n = 8). The increased baseline
conductance and depolarized Vm of Tg,s-fast cells was due to a higher activity of CI" channels,
since replacement of extracellular CI" by gluconate (5ClI) shifted the I/V curve to more positive
clamp voltages. This was not observed for Tgs-slow cells (Fig. 1E).
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Fig. 1. Slow and fast growing Tg, cells. A) Typical growth patterns of Tgs-slow cells as obtained from
ATCC, and spontaneously transformed Tg4-fast cells. Bars indicate 50 ym. B) Proliferation curves for
Tgs-slow and Tgy-fast cells, as obtained by cell counting (n = 4). C) Western blot for uncleaved and
cleaved caspase-3 in Tgs-slow and Tg4-fast cells after 8 and 24 h incubation with 1 uM staurosporine
(stauro). D) Western blot analysis of the expression of Eag1 and best1 in slow and fast growing Tg,4
cells. Actin indicates equal loading of the gel. Bar graph indicates larger upregulation of ion channel
expression in Tgy-fast cells. E) Whole cell currents measured in slow and fast growing Tg, cells under
control conditions (upper panels). Corresponding current/voltage relationships (n = 8 for both cell
types; lower panels). Replacement of extracellular CI" by gluconate (5CI) shifted the i/v curve to more
depolarized clamp voltages only in fast growing Tg4 cells, indicating the presence of a baseline CI'
conductance. RT-PCR and Western blots were performed at least in triplicates.
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Eag1 controls proliferation of fast but not of slow growing Tg, cells
Eag1 has been demonstrated to support proliferation of several different cell types (93;124).

We therefore examined if high expression levels of Eag1 correlate with increased
proliferation of Tgs-fast cells. To that end Tgs-slow and Tg4-fast cells were treated with three
different batches (A-C) of siRNA for Eag1. Incubation of the cells with either fluorescence
labeled scrambled oligos or lipid (transfection reagent) and non-treated cells served as
controls. Measurement of BrdU incorporation clearly indicates inhibition of proliferation of Tgs-
fast cells after treatment with siRNA for Eag1 (Fig. 2A). siRNA treatment of Tgs-slow cells did
not affect cell proliferation, suggesting a proliferative function of Eag1 only in Tgs-fast cells.
Notably, Eag1 expression was significantly upregulated by re-addition of 10% FCS in serum
starved cells (data not shown). Using the inhibitor astemizole (5 uM), we examined the
contribution of Eag1 to whole cell currents measured in Tgs-slow and Tgs-fast cells.
Astemizole inhibited whole cell currents in both cell types, however, the effect was more
pronounced in Tgs-fast cells and thus astemizole-sensitive whole cell currents were
significantly larger in Tgs-fast cells (Fig. 2B,C). The normalized conductance/voltage
relationship for Eag1 (astemizole sensitive whole cell conductances) was not different for Tgs-

fast (solid line) and Tg4-slow (dashed line) cells (Fig. 2D).

A previous report supplied evidence that hyperpolarizing Eag1 currents assist in the increase
of intracellular Ca?* ([Ca?'];), when cells are stimulated with secretagogues (ATP, carbachol)
or mitogens, and may thereby support proliferation. Both Ca*" release from ER stores and
Ca?" influx through store operated Ca®* channels depend on Kv channel function, as reported
earlier (124). We compared increase in [Ca?']; in Fura-2 loaded Tgs-slow and Tg-fast cells
upon stimulation with ATP (100 uM). ATP binds to purinergic P2Y, receptors and thereby
induces a peak and plateau [Ca*] increase in both cell lines (Fig. 2E). The peak [Ca®'];
increase was doubled in Tg4-fast when compared with Tg4-slow cells, which suggests a role of
Eag1 for Ca®" signaling in Tgs-fast cells (Fig. 2E,F). Enhanced Ca®* signaling is not due to an
increased expression of the abundant purinergic receptor P2Y, in Tgs-fast. In contrast, P2Y,

expression was slightly higher in Tg4-slow cells (Fig. 2G).
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Fig. 2. Eag1 supports proliferation of fast growing Tg, cells. A) Proliferation of slow and fast
growing Tg, cells as measured by BrdU incorporation. Cells were treated with three different batches
(A-C) of siRNA for Eag1. Incubation of the cells with fluorescence labeled scrambled oligos (Oligos) or
transfection reagent only (Lipid) and non-treated cells (Control) served as controls. Assays were
performed at least in triplicates. * indicate significant inhibition of proliferation by RNAI in Tgs-fast cells
(ANOVA). B) Whole cell currents in Tgs-slow and Tgy-fast cells and effect of the Eag1 inhibitor
astemizole (Aste; 5 uM). C) Summary of the calculated astemizole sensitive whole cell conductances
(Gaste) in Tgg-slow (n = 8) and Tgy-fast (n = 9) cells. Gaste Was significant in both cell lines and was
enhanced in Tg4-fast cells (unpaired t-test). D) Normalized conductance / voltage relationship for Eag1
(i.e. astemizole sensitive whole cell conductance) measured in Tgs-fast (solid line) and Tg4-slow
(dashed line) cells. E) Increase of the intracellular Ca** concentration ([Ca®‘];) by stimulation with ATP
(100 pM) in Tg4-slow and Tg4-fast cells. F) Summary of the ATP induced peak and plateau increase in
[Ca2+]i in slow (n = 59) and fast (n = 69) growing Tg4 cells. G) RT-PCR analysis of mMRNA expression
for P2Y, receptors (764 bp) in Tgs-slow and Tgy-fast cells. When compared to the internal R-actin
standard, expression of P2Y, receptors was slightly enhanced in Tgs-slow. H,O served as control. For

PCR conditions c.f. Methods.* indicates significant difference in peak [Ca*"] increase in Tgs-fast cells.
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Eag1 activity in Tgs-fast cells is cell cycle dependent
In other cell types Eag1-activity varies during the cell cycle (93). Therefore we examined cell

cycle dependence of Eag1 in Tgs-fast cells. Cells were synchronized in early G1 (eG1), G1/S
or M phase (c.f. methods), and synchronization was verified by FACS analysis (Fig. 3A). We
found that astemizole sensitive whole cell currents were augmented in cells synchronized in
G1/S, when compared to eG1 or M phase (Fig. 3B). Tgs cells also express other voltage
gated K* channels such as Kv1.5 or Kv3.4, which are blocked by the inhibitor TPeA (124).
However, in contrast to Eag1, TPeA sensitive whole cell currents were not cell cycle
dependent (data not shown). We further compared the increase in [Ca®'] in Tg-fast cells
synchronized in eG1 and G1/S phase. Both peak and plateau [Ca®'] increase were
significantly enhanced in G1/S-cells. Moreover, the Eag1-blocker astemizole inhibited peak
and plateau [Ca®']increase in both cell cycle phases, but the effect of astemizole on plateau
[Ca*"], was augmented in the G1/S phase (Fig. 3C). These results supply evidence for cell
cycle regulated Eag1-currents in Tgs-fast cells and cell cycle dependent effects of Eag1 on

Ca?* signaling.

A B
eG1 G1/S M .
‘ : 4
£ / 17 ‘ / | _ 3
E T “ e o N e C,C) -
S _ = 2
2|: ] ] E -
|l ] : 1-
- o T 1 T G1/S
relative fluorescence intensity 0-
C
| eG1 | G1/S
_ 1000 S 100+ g 10007 =
S 1 1 = i =
T 800 S g0- % 8007 2
x 1 ® 1 3 600 2
o 600 L 60 S j °
Q 4 o p * = [=%
= * ol ¥ 400 e
= 400 40 N i &
ks 1 & 1 200
S 200 [ 8 20| [ e 1S o
| ) () = i o) (2} < 0~ O <
o Wl o | < PR o | <

Fig. 3. Eag1 operates as a cell cycle regulated channel in fast growing Tg, cells. A) FACS
analysis of fast growing Tg4 cells synchronized in early G1 (eG1), G1/S transition and M phase (c.f.
Methods). Experiments were performed at least in triplicates. B) Astemizole sensitive whole cell
conductances (Gaste) measured in Tgy-fast cells synchronized in eG1 (n = 14), G1/S(n=9)and M (n =
9) phase. Gaste Was significant during all cell cycle phases but was enhanced during G1/S (ANOVA).
C) Summary of the peak and plateau [Ca”]i increase induced by CCH in Tgs-fast cells, synchronized
into eG1 and effects of 0.5 uyM astemizole (Aste, n = 73) (left panel) or G1/S and effects of 0.5 uyM
astemizole (Aste, n = 64) (right panel). The effect of astemizole was significant in all series (paired t-

test) and was enhanced for plateau [Ca2+]i increase in G1/S when compared to eG1 (unpaired t-test).
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Best1 controls proliferation of fast but not of slow growing Tz, cells
Because Tgs-fast cells show much higher expression of best1 when compared with Tgs-slow

cells (Fig. 4A), we examined the effect of this putative Ca?* activated CI" channel on cell
proliferation. Tgs-slow and Tgs-fast cells were treated with three different batches (A-C) of
siRNA for best1, which reduced best1 levels in Tgs-fast cells. Expression levels in Tgs-slow
cells were already very low, so that more protein was loaded on the gel, as indicated by the
3-actin signal (Fig. 4A,B). Incubation of the cells with either fluorescence labeled scrambled
oligos or transfection reagent (lipid) and non-treated cells served as controls. Measurement
of BrdU incorporation clearly indicates inhibition of proliferation of Tgs-fast cells after
treatment with siRNA for best1 (Fig. 4C). No effects of siRNA were seen in Tg4-slow cells,

suggesting a proliferative function of best1 only in Tg,-fast cells.
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Fig. 4. Best1 supports proliferation of fast growing Tg, cells. A) Western blot analysis of best1 in
Tes-slow and Tgy-fast cells treated with three different batches (A-C) of siRNA for best1. Incubation of
the cells with fluorescence labeled scrambled oligos (Oligos) or non-treated cells (Control) served as
controls. Actin indicates equal loading of the gels. B) Densitometric analysis of best1 expression and
ratio between best1 and actin expression. C) Proliferation of slow and fast growing Tg4 cells as
measured by BrdU incorporation. Assays were performed at least in triplicates. * indicate significant
inhibition of proliferation by RNAI in Tgs-fast cells (ANOVA).
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In whole cell patch clamp experiments, the high baseline conductance found in Tgs-fast cells
could be partially inhibited by the blockers of Ca*" activated CI channels, NFA and DIDS
(both 100 uM). Both inhibitors had no effect in Tgs-slow cells (Fig. 5A). Stimulation with ATP
(100 uM) to increase intracellular Ca* (Fig. 2D), activated a whole cell current in Tgs-slow but
not in Tgs-fast cells (Fig. 5B). In Tgs-slow cells, ATP activated primarily a K* conductance, as
indicated by the hyperpolarizing effect of ATP on the membrane voltage (Fig. 5C). Little
effects of ATP were seen in Tg4-fast cells. Correspondingly, replacement of extracellular CI
by impermeable gluconate (5CI) showed no effects in Tg4-slow cells, but reduced the baseline
conductance in Tg4-fast cells (Fig. 5D). Taken together, these results suggest active best1 CI

channels in non-stimulated Tg4-fast cells, which cause enhanced proliferation.
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Fig. 5. Tg4-fast but not Tg4-slow cells have a CI' conductance. A) Summaries for the baseline whole
cell conductances (G) and effects of the inhibitors of Ca®*-activated CI" channels, niflumic acid (NFA;
10 yM) and DIDS (100 uM) in slow and fast growing Tg4 cells (n = 8 — 11). * indicate significant effects
of NFA and DIDS (paired t-test). B) Whole cell currents measured in Tgs-slow and Tg4-fast cells.
Stimulation of the cells with ATP (100 uM) activated a whole cell conductance only in Tgs-slow but not
in Tgs-fast cells. C) Summaries for the whole cell conductances (upper panels) and membrane
voltages (lower panels) measured in Tgs-slow (n = 13) and Tgs-fast (n = 14) cells, and effects of ATP
(100 uM). * indicate significant effects on whole cell conductance and membrane voltages (paired t-
test). D) Summaries for the whole cell conductances measured in Tgg-slow (n = 9) and Tgs-fast (n = 8)
cells, and effect of replacement of extracellular CI" by gluconate (5CI') and ATP (100 yM). * indicate
significant activation of conductance by ATP in Tg4-slow cells and significant inhibition by 5CI" (paired t-
test).
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Increased proliferation and CI' conductance in best1-transfected Tgs-slow cells
To further demonstrate that best1 contributes to proliferation of Tg, cells, we expressed

human best1 in Tgs-slow cells. As shown in Fig. 6A, transfection of 100 ng of exogenous
best1 increased best1 expression in Tgs-slow cells almost to the level found in Tg4-slow cells.
No change was seen in mock transfected cells. Notably, overexpression of best1 changed
the growth pattern of Tg4-slow cells towards that found for Tg,-fast cells (Fig. 6B). Moreover,
after expression of best1, a DIDS-sensitive whole cell current appeared in Tgs-slow cells,
which was not found in mock-transfected or parental cells (Fig. 6C). Measurement of the
BrdU-incorporation indicated a significant increase in proliferation of best1-transfected Tgs-
slow cells, which was not observed for mock-transfected cells (Fig. 6D). In summary, both
Eag1 K* channels and best1 CI" channels are upregulated in spontaneously transformed Tg,

cells, where they augment proliferation.
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Fig. 6. Expression of best1 in Tg-slow cells enhances CI" currents and proliferation. A) Western
blot analysis of human best1 expression in Tgs-slow cells after transfection of 50 or 100 ng of best1
cDNA, or mock (50 and 100 ng) transfection, and comparison with the level of best1 expression in Tg,-
fast cells and non-transfected Tgs-slow cells. Actin indicates equal loading of the gel. B) Growth pattern
of mock transfected (- best1) and best1 transfected (+best1) Tg4-slow cells. Bars indicate 50 ym. C)
Upper panel: Whole cell currents measured in mock-transfected and best1-transfected Tgs-slow cells
and effect of DIDS (100 uM). Lower panel: Summaries of the whole cell conductances and effects of
DIDS on mock transfected (n = 7) and best1 transfected (n = 7) Tgy-fast cells. * indicates significant
inhibition of whole cell conductance by DIDS (paired t-test). D) Proliferation of mock transfected (50
and 100 ng) and best1 transfected (50 and 100 ng) cells. Non-transfected cells (Control) and cells
exposed the transfection reagent only (Lipids) served as controls. * indicate significant increase in
proliferation (ANOVA).
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Eag1l and best1 support intracellular Ca?* signaling and volume regulation,
respectively

Eag1 K* channels (and to some degree best1) have a clear impact on intracellular Ca?*
signaling. This was demonstrated by stimulation with ATP (100 uyM), which increased
intracellular peak (ER- Ca®" release) and plateau (Ca?* - influx through SOC) in Tgs-fast cells.
Treatment with siRNA for Eag1 significantly reduced peak and plateau Ca?* increase (Fig.
7A). Volume measurements indicate stronger cell swelling and potent regulatory volume
decrease (RVD) in Tg4-fast, when compared to Tgs-slow cells, as identified by direct volume
measurements and indirect measurements of calcein fluorescence (Fig. 7B-E). Tgs-fast cells
treated with siRNA-best1 show reduced RVD (Fig. 7B). As both intracellular Ca** and cell
volume control is essential for the mitotic cell cycle, these results may provide a mechanism

for the proliferative role of Eag1 and best1.
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Fig. 7. Eag1 and best1 support intracellular ca* signaling and volume regulation. A) Summary
of intracellular peak (left) and plateau (right) Ca** increase in Tg,-fast cells, upon stimulation with ATP
(100 pM). Cells were treated with scrambled siRNA or siEag1 and sibest1, respectively (n = 24 — 57).
B) Hypotonic (170 mosmol) cell swelling assessed by volume measurement in Tgy4-slow and Tgy-fast
cells (upper trace) and Tg4-fast cells treated with siRNA-best1 or control transfection (GFP) (n = 5 each
time point). C) Change in calcein fluorescence due to hypotonic cell swelling. D,E) Summaries for
maximal change in fluorescence intensity and slope of recovery (from swelling) of Tgs-slow and Tg,-fast

cells (n = 12). * indicate significant difference (paired t-test).
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Discussion

Transformation of colonic epithelial cells increases proliferation and ion conductances
Tgs4 colonic carcinoma cells are well established (23;60). They grow slowly in patches and
form tight and polarized monolayers, when cultured on permeable supports. Tg4 cells were
used for numerous electrophysiological studies and resemble a model for electrolyte
transport in the colonic epithelium (23). They show many aspects of native epithelial cells
such as a relatively hyperpolarized membrane voltage and CI” secretion by cAMP-dependent
cystic fibrosis transmembrane conductance regulator (CFTR) channels. When stimulated by
secretagogues, which increase the intracellular Ca?* concentration such as ATP or
carbachol, predominantly K* channels are activated, hyperpolarizing the membrane voltage.
This is comparable to colonic crypt cells, which also activate Ca** activated K* channels upon
stimulation of basolateral muscarinic M3 and apical purinergic P2Y; receptors (60;101). In
contrast, Tg4 cells that had undergone spontaneous transformation were remarkably different:
They proliferated much faster, were unable to polarize and to form tight monolayers when
grown on permeable support, showed typical features of malignancy and had different

membrane conductances.

Anderson and Welsh as well as Morris and Frizzell reported earlier that expression of ion
channels in epithelial cells is significantly affected by the underlying substrate (4;84). Thus
Ca?* activated CI channels were prominent in non-differentiated HTog colonic carcinoma cells
but disappeared with polarization (32). Although Tg4-fast cells did not polarize when grown on
permeable supports, a change in best1 expression upon differentiation of filter grown HT g

cells may explain earlier results (32).

A change in membrane ion conductance has also been reported for spontaneously
transformed Madin-Darby canine kidney (MDCK) cells. These fast growing MDCK-F cells
express Ca®* activated K' channels that largely enhance cell migration (121). The fast
growing Tg, cells described in the present study, showed a strong increase in the expression
of the best1 CI" channel, along with Eag1 potassium channels. Eag1 currents were detected
despite a relatively high (100 nM) Ca®" concentration in resting cells. However up to 1 pM
[Ca®"]; are required for complete inhibition of Eag1 and thus a fraction (~ 40%) of the Eag1
conductance is still detectable in Tgs-fast cells (125). Notably, the CI" channels were already
active in non-stimulated cells, i.e. without purinergic stimulation. Additional increase of
intracellular Ca?* by ATP or carbachol did not further increase CI" conductance. A similar
result was obtained when best1 was overexpressed in Tg4-slow cells, and has also been

observed when best1 was expressed in Hek293 cells (63). It suggests that additional
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components may be required for Ca*" -regulation of best1 currents, which may not be
present in cancer cells. The presence of these DIDS-sensitive CI° currents along with

astemizole inhibited Eag1 K* currents clearly augmented cell proliferation

lon channels induce malignancy and metastatic cell growth

Clonal selection of fast proliferating Tgs cells (T84SF) has previously been reported (3).
These cells demonstrate invasive and metastatic cell growth, when transferred into nude
mice. Basal tyrosine phosphorylation and expression of src kinase were enhanced in these
T84SF cells (3). Along this line, the src-inhibitor PP2 reduced cell growth, invasion and cell
adhesion of T84SF cells (14). In Jurkat T lymphocytes, src kinase controls voltage-
dependent Kv1.3 K* channels, which also affect cell proliferation (134). Src kinase may also
be up-regulated in fast growing Tg, cells and may be responsible for changes in membrane
conductance. It will be interesting to examine in subsequent studies the impact of Eag1 and
best1 on cell migration and tissue invasion, since we previously found that genomic
amplification of Eag1 in human colorectal carcinoma is an independent marker of adverse

prognosis (90).

How do ion channels determine malighancy?

K" and CI channels are essential for cell migration and metastasis of cancer (120). It has
been shown that enhanced intracellular Ca?* activates Kv channels during intestinal wound
healing (112). Cell migration and formation of tumor metastasis is due to fluctuations in the
activity of membrane transporters and ion channels, since they cause localized cell swelling
and shrinkage (120). These changes in cell volume appear to be a prerequisite for cell
migration and malignant invasion. There are only a few studies investigating the role of CI
channels in cell migration. CI" channels are probably necessary for cell movement, since K*
transport needs to be accompanied by a counterion (121). Notably, bestrophin has been

shown to operate as a volume sensitive CI" channel (31).

A novel function of bestrophin for cell proliferation?

CI' currents induced by expression of bestrophins share many of the properties attributed to
Ca®* activated CI channels, such as an anion selectivity of I > CI" and inhibition by NFA and
DIDS (11;104;130;139). There is, however, an ongoing controversy whether bestrophins are
actually channel forming proteins or rather regulators of ion channels. Moreover, other
proteins have also been proposed as molecular candidates for the Ca®* activated CI” channel
(reviewed in (63). The present results would support the role of best1 as a CI" channel. As
known from previous studies, Ca** and volume regulated CI" channels support cell

proliferation, and bestrophin is activated by increase in intracellular Ca?* as well as cell
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swelling (15;58). In an ongoing study with M1 collecting duct cells expressing high levels of
best1, we found inhibition of proliferation by the CI" channel blockers DIDS and NFA
(unpublished results). Thus bestrophins may provide the molecular basis for an

understanding of the role of Ca?* and volume regulated CI" channels in cell proliferation.
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