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Chloride transporting capability of Calu-3 epithelia
following persistent knockdown of the cystic
fibrosis transmembrane conductance regulator,
CFTR

LJ MacVinish, G Cope, A Ropenga1 and AW Cuthbert

Department of Medicine, University of Cambridge, Addenbrooke’s Hospital, Cambridge, UK

Background and purpose: Calu-3 cells are derived from serous cells of human lung submucosal glands, a prime target
for therapy in cystic fibrosis (CF). Calu-3 cells can be cultured to form epithelia capable of transepithelial transport of chloride.
A CF Calu-3 cell is not available.
Experimental approach: A retroviral vector was used to cause persistent down regulation of CFTR using siRNA methodology,
in Calu-3 cells. A Calu-3 cell line with CFTR content less than 5% of the original line has been established. Epithelia grown using
the modified cells have been used in comparative studies of transporting capability.
Key results: All aspects of cAMP activated chloride secretion were attenuated in the epithelia with reduced CFTR content.
However transporting capability was reduced less than the CFTR content. From studies with the CFTR channel inhibitor, GlyH-
101, it was concluded that wild type Calu-3 cells have a reserve of CFTR channels not located in the membrane, but available
for replacement, while in the modified Calu-3 cell line there was little or no reserve. Lubiprostone, a putative ClC-2 activator,
increased transepithelial chloride secretion in both modified and wild type Calu-3 epithelia. Modified Calu-3 epithelia
with the residual CFTR currents blocked with GlyH-101 responded equally well to lubiprostone as those without the blocking
agent.
Conclusions and implications: It appears that lubiprostone is capable of stimulating a non-CFTR dependent transepithelial
chloride secretion in Calu-3 monolayers, with obvious implications for CF therapy. Cell lines, however, do not always reflect the
behaviour of the native tissue with integrity.
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Introduction

Calu-3 cells are derived from the serous cells of submucosal

glands of human airways. They are able to form epithelial

monolayers capable of transepithelial transport (Moon et al.,

1997). The serous cells are considered to be of crucial

importance in generating fluid that helps maintain muco-

ciliary clearance (Verkman et al., 2003; Salinas et al., 2005).

The main process by which serous cells promote fluid

secretion is by osmotic drag, following the active secretion

of chloride (and bicarbonate) ions into the lumen. The

richest source of the cystic fibrosis transmembrane conduc-

tance regulator (CFTR), in human airways, is the serous cells

of submucosal glands (Engelhardt et al., 1992). In cystic

fibrosis (CF), CFTR is absent or present in a form unable to

maintain normal function, and fluid production by the

glands is reduced. These and other changes in CF result in
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the accumulation of thick mucus in the airways, bacterial

infection and inevitable fibrotic changes, leading eventually

to the destruction of lung tissue.

Thus, Calu-3 cells are a focus of interest for agents that can

promote secretion without requiring CFTR, with the caveat

that Calu-3 is a cell line whose properties may not exactly

mimic the functions of serous cells in situ.

For experimental purposes, an ideal test vehicle would be

a CF Calu-3 cell line that is capable of forming epithelial

monolayers when grown on pervious support membranes.

Therefore, the main aim of this study was to produce a Calu-

3 cell line with a CF phenotype.

Our approach was to use small inhibitory RNA (siRNA)

methods to produce a knockout or knockdown (KD) Calu-3

cell line using a retroviral vector for stable integration and

persistent down regulation of CFTR. We show that CFTR

content is reduced by at least 95% in our modified Calu-3

cell line. This modified Calu-3 cell line has been used to

culture epithelial sheets for comparative functional studies

with normal Calu-3 cell monolayers.

Methods

siRNA transfection

Calu-3 cells were obtained from the American Type Culture

Collection (Rockville, MD, USA) and were grown on 75 cm2

culture flasks containing Eagle’s minimum essential medium

(Vitacell, ATCC, VA, USA) with 10% foetal calf serum (Gibco/

Invitrogen, Paisley, UK), kanamycin, 100 mM ml�1 (Gibco/

Invitrogen) and fungizone, 1.25 mg ml�1 (Gibco/Invitrogen).

Cells were incubated at 371C in humidified air containing

5% CO2.

CFTR-directed siRNA was designed using the pSUPER RNAi

system instructions (Oligoengine, Seattle, WA, USA) and

subcloned into pSuper.retro.neoþ green fluorescent protein

(GFP) (Oligoengine) as described previously (Brummelkamp

et al., 2002). A pair of unique-to-CFTR oligonucleotides were

ligated into the vector to direct the persistent synthesis of

siRNA intracellularly, in order to generate a long-term loss-

of-function CFTR phenotype in the Calu-3 cell line.

CFTR siRNA-encoding sequence was inserted by using

50-GATCCCCCAAGGAGGAACGCTCTATCTTCAAGAGAGA

TAGAGCGTTCCTCCTTGTTTTTGGAAA-30 (sense) and 50-

AGCTTTTCCAAAAACAAGGAGGAACGCTCTATCTCTCTTG

AAGATAGAGCGTTCCTCCTTGGGG-30 (antisense) oligonu-

cleotides. Calu-3 cells were transfected using Fugene 6

(Roche Applied Science, Burgess Hill, W Sussex, UK) at a

ratio of 3:1 (Fugene 6: DNA) according to the manufacturer’s

instructions in six-well plates. At this ratio, a transfection

efficiency of o1% was achieved as determined by the

presence of the GFP reporter. At all other ratios, no GFP

fluorescence was visible. Within each six-well plate, two

wells containing Fugene 6 and water (at a 3:1 ratio) were

included to act as controls, and showed no green fluores-

cence. Cells were left overnight and re-fed in complete

medium for 3 days before neomycin selection using a

predetermined kill–curve concentration of neomycin (Gen-

ticin (G418), Invitrogen, 400 mg ml�1). It is probable that the

highly fluorescent cells containing GFP had multiple copies

of the expression system, whereas in cells containing a single

copy the fluorescence was minimal. The selection medium

was then used as standard growth medium for continuous

culture. Very few cells survived selection but eventually

confluence was reached after circa 6 months. When

confluence was reached within the six-well plates cells were

passaged into 75 cm2 flasks and maintained thereafter in

selection medium. The modified Calu-3 cell line has now

been maintained in the modified medium for 18 months.

Western blots of calu-3 cells

SiRNA-transfected Calu-3 and unmodified Calu-3 cells

were grown to 90% confluency in T150 flasks. Cells were

trypsinized and pelleted, supernatant was removed and cells

were washed two times with phospate-buffered saline (PBS).

Cells were again pelleted by centrifugation at 3500 g for

5 min at 41C, supernatant was discarded and cells were

resuspended in 200 ml of cell lysis buffer (50 mM Tris HCl

pH7.5, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid,

1% Triton X-100 plus broad spectrum protease inhibitor

cocktail II (Calbiochem, Beaston, Nottingham, UK)).

Cells were lysed via sonication (Ultrasonic processor

XL2020, Heat Systems, Farmingdale, NY, USA) using four

times 15 s duration pulses on maximum setting with

incubation on ice for 1 min between each pulse. Lysis was

completed by incubation on ice for 10 min. Cellular debris

was pelleted by centrifugation at 15 000 g for 10 min at 41C.

Cell supernatant was recovered and an equal volume of

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) loading buffer was added. Xenopus oocytes,

preinjected 3 days previously with the cDNA for CFTR were

used as controls. Ten or 20 pre-injected oocytes were placed

into 100 ml of cell lysis buffer as for Calu-3 cells, cell debris

was removed by centrifugation at 15 000 g for 3 min at 41C.

Oocytes were lysed by one single 30 s burst on the sonicator

and placed on ice for 10 min. Oocyte yolk was separated

via centrifugation at 17 250 g for 10 min, supernatant was

withdrawn underneath the lipid pellicle and resuspended

in SDS-PAGE loading buffer.

Protein concentration was determined using bicinchoni-

nic acid total protein assay (Pierce, Rockford, IL, USA) and

20 mg was loaded into each lane of a 6% SDS-PAGE gel in the

presence of running buffer (25 mM Tris Base, 192 mM glycine,

0.1% SDS pH 8.8). Proteins were resolved and transferred to

polyvinylidine difluoride membrane using semi dry transfer

apparatus (Biorad, Hemel Hempstead, Herts, UK) membranes

and filters were pre-incubated in semidry transfer buffer

(48 mM Tris Base, 39 mM glycine, 20% methanol, 1.3 mM SDS,

pH 9.2) before transfer. Transfer was conducted at 20 mV

for 1.5 h.

Membrane was blocked overnight in 5% Marvel, and then

washed three times 15 min in PBS containing 0.5% Tween

20. Antihuman C-terminus CFTR antibody (R&D systems

Europe Ltd, Abingdon, Oxon, UK) was diluted 1:500 in PBS

with 1% Marvel added to the membrane and incubated for

2 h. Wash step was repeated and then membrane was

incubated in 1:1500 Goat Anti-Rabbit horseradish peroxi-

dase-conjugated secondary antibody (diluted in PBS with 1%

Marvel) for 1 h. Three further washes in PBS 0.5% Tween 20
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were carried out and the membrane was then visualized

using enhanced chemiluminescence (Amersham Bio-

sciences, Little Chalfont, Bucks, UK) as per the manufac-

turer’s instructions.

Epithelial culture

Cells were collected by trypsinization from 75 cm2 flasks and

subcultured either on Snapwell clear polyester membrane

inserts for subsequent voltage-clamp experiments (1 cm2,

0.4 mM pore size, VWR International Ltd, Lutterworth, UK)

or maintained in 75 cm2 flasks. Cultures were re-fed every

3–4 days; the inserts were used between 5 and 30 days after

subculture. All experimental procedures used cells from

passages 3–12.

Short circuit current recordings

The Snapwell inserts, bearing the cultured monolayers, were

inserted into CHM5 Ussing chambers with associated

electrodes (WPI, Herts, UK) and clamped at zero potential

using a WPI Dual Voltage clamp. Both sides of the

epithelium were bathed in Krebs Henseleit Solution (KHS,

5 ml) that was continually circulated through the half

chambers, maintained at 371C and continuously bubbled

with 95%O2/5%CO2. Short circuit currents (SCCs) were contin-

uously recorded using an ADInstruments PowerLab 8SP (NSW

2154, Australia) and displayed on screen. In some experiments,

the transepithelial voltage was temporarily set at 1mV above

zero every few minutes. The value of the change in SCC is

equivalent to the transepithelial conductance in mS cm2. In

experiments where a basolateral to apical chloride gradient was

imposed on the epithelia, the NaCl in KHS was replaced with

sodium gluconate (see below).

Solutions

KHS had the following composition (mM): 117 NaCl, 4.7

KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3 and 10

glucose. When NaCl was replaced by an equimolar amount

of Na gluconate, the calcium content was doubled.

Materials

Sources of drugs used in the study were as follows:

acetazolamide, amiloride, bumetanide, carbachol (CCh)

and isobutylmethylxanthine were all from Sigma; forskolin

was from Calbiochem; 5,6-dichloro-1-ethyl-1,3-dihydro-2H-

benzimidazol-2-one (DCEBIO) was from Tocris; (–)-7-

[(2R,4aR,5R,7aR0-2-(1,1-difluoropentyl)-2hydroxy-6oxoocta-

hydrocyclopenta[b]pyran-5-yl]heptanoic acid (lubiprostone)

(Amitiza) from Takeda Pharmaceuticals America Inc., IL,

USA; polypeptide antibiotics from Dr OL Shotwell and N-(2-

naphthalenyl)-[(3,5 dibromo-2,4-dihydroxy phenyl)methy-

lene glycine hydrazide] (GlyH-101) from Professor AS Verkman.

Results

Production of a modified Calu-3 cell line

Western blotting showed that CFTR in the modified Calu-3

cell line was less than 5% of that in normal Calu-3 cells. The

cell line has now been propagated for over a year in the

presence of Geneticin (to confirm that neomycin resistance

is present). As the cell line still produces a small amount of

CFTR, it is more properly described as a ‘knockdown’ rather

than a ‘knockout’. Throughout the rest of this paper, we shall

refer to the cell line as Calu-3KD when comparing its

properties with those of the wild type (Calu3WT). Figure 1

illustrates a Western blot for Calu-3WT and Calu-3KD

protein. The bands for oocytes represent a positive control

as Xenopus oocytes do not express CFTR unless injected with

the cDNA for CFTR several days previously.

Activation of adenylate cyclase

Forskolin was used to stimulate anion secretion in mono-

layers of both the Calu-3KD and Calu-3WT types. This agent

activates adenylate cyclase resulting in an increase of cyclic

adenosine monophosphate (cAMP), that in turn activates

protein kinase A and hence activation of CFTR. As Calu-3KD

grow more slowly than Calu-3WT two types of control

monolayer were used; those grown for the same time as the

Calu-3KD monolayers and those grown to confluence. No

statistical differences were found with the two types of

controls. The result of the study is shown in Figure 2. Calu-

3KD epithelia were found to have (a) significantly lower

basal transepithelial conductance, (b) smaller increases in

conductance in response to forskolin, (c) smaller increases in

the peak SCC responses to forskolin and (d) smaller increases

in secretion rate. The reduction in secretion rate over that

found when peak responses were considered was primarily

due to the failure of the SCC increase following forskolin

to be maintained in Calu-3KD monolayers.

In CF, it is known that the epithelial sodium channels

(ENaC) are upregulated in the absence of CFTR in the surface

epithelium of the airways (Schwiebert et al., 1999). Although

Calu-3WT epithelia show no evidence of the presence of

ENaCs, it seemed possible that they might occur in cells

where CFTR had been reduced to a low level. In these early

experiments amiloride, 10 mM was added to the solution

bathing the apical side of all epithelia to block ENaC

channels. In no instance was any response to amiloride ever

seen and the practice was abandoned. Some of the properties

of the epithelia described in this section are illustrated in

Figure 3.

Effects of muscarinic agonists

In intact CF submucosal glands, the responses to muscarinic

antagonists are spared, however, it is unclear whether the

Figure 1 Western blots of CFTR protein from Calu-3WT and Calu-
3KD cells together with those for Xenopus oocytes previously
injected with the cDNA for CFTR. Densitometer readings indicated
that the band for Calu-3KD cells was o5% of that found in Calu-
3WT cells.
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secretion derives from the serosal cells or from cells in the

mucus tubules (Joo et al., 2002). Both types of Calu-3

epithelia retained the property of responding to the

muscarinic agonist CCh. Indeed, the responses to CCh were

significantly larger in Calu-3KD epithelia (Figure 3a) than

in the wild-type version (Figure 3b). The peak heights of

responses to CCh, 10 mM were 65.876.0mA cm�2 in control

monolayers (n¼8), whereas the KD monolayers gave

significantly larger responses (111.3714.7 mA cm�2, n¼ 6,

Po0.01). In neither situation was the response to CCh

maintained. This is in keeping with the actions of Ca2þ

raising agonists. They cause activation of the Ca2þ sensitive

Kþ -channels on the basolateral membranes of epithelia,

thus, increasing the driving force on Cl� ions to exit through

the apical membrane. In order to determine whether the

mechanism of Cl� efflux following CCh was due to residual

CFTR channels or an alternative Cl� channel, it was

necessary to eliminate residual CFTR channels in Calu-KD

epithelia. To do this, we used a novel CFTR channel

inhibitor, GlyH-101, that acts by occlusion near to the

external pore entrance (Muanprasat et al., 2004). Both types

of Calu-3 epithelia failed to respond to CCh, if they were

previously incubated with GlyH-101 (50 mM) on the apical

side, indicating that chloride exit through the apical faces

of the cells in response to CCh required CFTR.

Creating artificial ion channels

Duramycin (Shotwell et al., 1958) is said to form artificial

anion channels by insertion into cellular membranes and

has been reported to increase chloride secretion in airway

epithelial cells (Cloutier et al., 1990). Here, we have

examined the effects of duramycin, and the closely related

peptide Ro09-0198 (R-009) (Choung et al., 1988) on chloride

secretion on Calu-3WT and Calu-3KD epithelia. To enquire

whether the peptides introduce a novel chloride conduc-

tance when applied to the apical epithelial surface, we have

applied bumetanide and acetazolamide to the basolateral

face of the epithelia, to prevent transepithelial chloride

transport (Cuthbert et al., 2003). The reduction in current

provides a measure of chloride entry through the basolateral

surface, regardless whether it leaves via polypeptide-induced

channels or by conventional means. To increase the like-

lihood of detecting extra chloride transport, experiments

were carried with a basolateral to apical chloride gradient.

This was achieved simply by replacing NaCl in the apical

solution by sodium gluconate. To validate the system, we

used DCEBIO (Singh et al., 2001) to increase current in the

presence of a chloride gradient, in the knowledge that the

main effect of DCEBIO is to increase the electrical gradient

for Cl� efflux. DCEBIO increased the current in Calu3-WT

monolayers by 118.2727.3 mA cm�2 that was reduced by

bumetanide/acetazolamide by 104.7725.9 mA cm�2 (n¼3).

In contrast, in untreated monolayers, with basal current

19.178.4mA cm�2, bumetanide/acetazolamide reduced the

current by only 10.677.1mA cm�2 (n¼3). Clearly, the

response to bumetanide/acetazolamide is significantly great-

er after DCEBIO treatment (Po0.03). The same protocol was

used for epithelia treated with the polypeptide R-009.

Figure 2 Comparison of the transporting properties of Calu-3KD and Calu-3WT epithelia. Shown are the effects of forskolin, 1 mM on SCC.
Data were collected from 12 Calu-3KD monolayers grown for about 30 days, and were compared with Calu-3WT monolayers of two types,
that is, four monolayers also grown for 30 days and 13 monolayers grown to confluence (about 15 days). No significant differences were found
between the two groups and the data have been combined. The transepithelial conductances were measured from the change in SCC
occurring when the clamp potential was temporarily set at 1 mV above zero. The mean secretion rate was measured during 8 min following the
addition of forskolin from the area under curve. Basal conductance values are given, (a) whereas the change in conductance caused by
forskolin,1mM is shown in (b). The peak increase in SCC to forskolin is given in (c) and the secretion rate in (d).

Figure 3 Representative SCC records from a Calu-3KD epithelium
(a) on the upper panel and a Calu-3WT epithelium (b) on the lower
panel. Neither showed any response to amiloride, whereas the
responses to forskolin was minimal in the Calu-3KD tissue. In
contrast, the Calu-3KD monolayer showed an enhanced response
to CCh (note the differences in scale).
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A typical experiment is shown in Figures 4a and b, made

with two Calu-3WT epithelia. In Figure 4a, bumetanide/

acetazolamide was added at the beginning of the experiment

to measure the fraction of the basal current due to Cl�

secretion. After apical application of R-009, the current

began to increase, accompanied by a striking increase in

conductance. Note that the current also increased in the

control epithelium, in spite of the continued presence of

bumetanide/acetazolamide, suggesting little of the increase

in current is due to transepithelial chloride secretion. After

the currents had reached a plateau the blockers were added

to the test epithelium and the inhibition recorded. The

inhibition caused by the blockers was �8.071.6 mA cm�2 in

the control epithelia before R-009 was added, whereas after

R-009, it rose to �23.575.0mA cm�2. Although these two

values are significantly different (Po0.03), the increase in

chloride secretion caused by R-009 is only 15.5 mA cm�2,

representing only 28% of the current increase to R-009

(Figure 5).

Similar paired experiments were made with Calu-3KD

epithelia using R-009. These epithelia proved to be more

sensitive to R-009. For example, at 10 mM R-009, the current

never attained a plateau and addition of blockers had no

effect on the further evolution of current (Figure 4c). At

lower concentrations, a plateau was achieved, but the

current removed by bumetanide/acetazolamide was smaller

than found with control conditions before R-009 had been

added. Figure 5 summarizes all the data obtained with R-009.

It is apparent that only with Calu-3WT monolayers is there

any evidence that the polypeptide increased apical chloride

permeability and then non-selectively so.

The same pattern emerged when duramycin was used,

although we had insufficient material to do a systematic

study. Calu-3KD epithelia were sensitive to duramycin,

showing a large increase in current and epithelial conduc-

tance. After duramycin the epithelia were virtually non-

responsive to bumetanide/acetazolamide (Figure 4d). In

Calu-3WT epithelia treated with duramycin, the current
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Figure 4 SCC records from Calu-3WT epithelia (a, b) and Calu-3KD epithelia (c, d) exposed to either R-009 or duramycin (applied apically).
All experiments were made with a basolateral to apical chloride gradient. (a) and (b) show the differences in the inhibition of SCC by
bumetanide/acetazolamide when applied before or after R-009 in Calu-3WT epithelia. (c, d) Show the lack of effect of bumetanide/
acetazolamide, applied to Calu-3KD epithelia when added after either R-009 or duramycin. Note that in all instances R-009 and duramycin
caused major increases in transepithelial conductance. (B and A) Refer to bumetanide (100mM applied basolaterally) and acetazolamide
(100mM added both sides).
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increase was extremely slow but was accompanied by

an increase in the bumetanide/acetazolamide sensitive

component.

Clearly, our data provide no support for a selective increase

in apical chloride permeability in Calu-3 epithelia with

either R-009 or duramycin. Part of the non-bumetanide/

acetazolamide, sensitive current after R-009 was sensitive to

ouabain (data not shown). If the apical membrane had been

non-selectively permeabilized then sodium ions entering the

cells would be pumped across the basolateral face by the

sodium pump. It is also probable that chloride movement

down the concentration gradient, perhaps by the inter-

cellular route, also accounts for some of the current increase

following R-009.

Effects of the CFTR channel inhibitor GlyH-101 on responses of

Calu-3 monolayers

GlyH-101 is a CFTR channel inhibitor that acts from the

apical side of epithelial membranes to block chloride

secretion (Muanprasat et al., 2004). To examine if the

sensitivity to GlyH-101 was different in the two types of

epithelia, concentration–response relationships were deter-

mined. However, as basal currents are low in non-stimulated

Calu-3 monolayers, we needed to increase SCC by an action

not involving an action on CFTR. We used DCEBIO (Singh

et al., 2001) to do this as it acts to activate KCNN4 channels

located in the basolateral membranes of Calu-3 cells. As a

result, the cells are hyperpolarized increasing the electrical

gradient for chloride exit through any available apical

chloride channels. The steady state current caused by

DCEBIO was significantly less in Calu-3KD monolayers than

in the WT version, as shown in Figure 6c. Also shown is

a SCC record of responses to GlyH-101 in a Calu-3KD

monolayer (Figure 6a) and concentration–response curves

for both types of epithelia (Figure 6d). Because of the limited

amount of GlyH-101 available to us, we were unable to

pursue responses to higher concentrations of the blocker.

In these experiments, a concentration interval of 3 min was

chosen, although we were aware that this was something of a

compromise, because of the slow decline in current, follow-

ing high concentrations of GlyH-101 if longer dose intervals

were used. This phenomenon was more marked in Calu-3WT

epithelia than in the modified version. The data show that

Calu-3KD monolayers are more sensitive to the blocker than

the wild type. When high concentrations of GlyH-101 was

added immediately after DCEBIO, the response showed two

phases of inhibition, a rapid phase lasting around 3 min

followed by a much slower decline in current to a value close

to zero (Figure 6b). Consequently, in other experiments,

where we wished to obtain complete blockade of CFTR

channels, we have used high concentrations and long

exposure times.

Actions of lubiprostone

Several authors have suggested that ClC-2 channels might be

able to mimic CFTR in epithelia where the latter is absent or

non-functional. If this is so then activators of ClC-2 channels

may cause chloride secretion in CF epithelia. Lubiprostone is

reported to activate ClC-2 channels in cultured T84 epithelia

and support transepithelial transport of Cl� (Cuppoletti

et al., 2004). We found that lubiprostone activated a

bumetanide/acetazolamide sensitive current in Calu-3 WT

epithelia, with responses comparable in size to those elicited

by forskolin (Figure 7). However, if forskolin was given before

lubiprostone, the latter failed to produce any response.

Indeed, the current was sometimes inhibited when lubipros-

tone was given after forskolin (Figure 7b). The converse effect

was also found; that is no response was seen to forskolin

when given after lubiprostone (Figure 8b). The failure to see a

further increase in current when lubiprostone was given after

forskolin and vice versa was not because the epithelia were

incapable of greater secretion, as addition of the muscarinic

agonist, CCh, resulted in a further temporary current

increase as seen earlier (Figures 8a and b).

The similar magnitude of the responses to forskolin and

lubiprostone suggested they were operating through the

same mechanism, most likely to be the CFTR chloride

channel. Consequently, experiments were devised to inves-

tigate this using GlyH-101 to completely inhibit CFTR

channels. Informed by the findings from the earlier section

a high concentration (50 mM) of GlyH-101 was used with

a long exposure time.

One type of experiment is shown in Figure 9. Here, three

Calu-3WT epithelia from the same batch were examined

simultaneously. The first (Figure 9a) was used for the

addition of solvent controls and showed a normal response

to lubiprostone, indicating solvents did not prevent the
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Figure 5 Summary of the effects of R-009 on Calu-3WT and Calu-
3KD epithelia and illustrated in Figure 4. The filled columns show
SCC inhibition caused by bumetanide (100mM added basolaterally)
and acetazolamide (100mM added both sides) under basal condi-
tions and after R-009. Hatched columns show basal SCC, open
columns indicate the SCC response to R-009, at either 1 or 10 mM.
Note that in Calu-3WT epithelia R-009 significantly increased
inhibition by bumetanide/acetazolamide (Po0.03), whereas in
Calu-3KD epithelia, the inhibition by bumetanide/acetazolamide
never exceeded that found in the basal condition.
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response to lubiprostone. It is also showed that the

epithelium is capable of further secretion after lubiprostone

by the addition of CCh and that the secretion is sensitive

to bumetanide, indicating Cl� secretion. In Figure 9b, the

monolayer was first exposed to forskolin followed by GlyH-

101, the latter being allowed to act for 30 min before

addition of lubiprostone. As expected, no response to

lubiprostone was seen, as forskolin had been given pre-

viously. More telling is that there was no response to CCh

either, indicating that there were no patent apical chloride

conductances through which the hyperpolarization effect

could operate, presumably because CFTR was completely

blocked by GlyH-101. Further, there was little anion

transport remaining as bumetanide had only a minor effect.

The results in (b) are to be contrasted with those in (c). In

this monolayer, forskolin was omitted from the protocol.

Lubiprostone was effective even after exposure to GlyH-101

for 30 min and a small effect of CCh was restored. The

experiments illustrated in Figures 7–9 were all made in the

presence of a basolateral to apical chloride gradient.

The reason was to eliminate the possibility that lubiprostone

had an acute effect on tight junctions between the epithelial

cells, resulting in a current that would be insensitive to loop

diuretics, such as bumetanide. All the foregoing experiments

in this section were made with Calu-3WT epithelia and the

major findings concerning lubiprostone–forskolin inter-

actions and the failure of GlyH-101 to inhibit lubiprostone

have been replicated, at least three times, but not necessarily

in the format used for illustration.

A more crucial test to see if the effects of lubiprostone were

independent of CFTR was made using Calu-3KD epithelia,

but also in the presence of GlyH-101. Results from two

matched pairs of epithelia are given in Figure 10. In the first

(a, b) a basolateral to apical chloride gradient was present,

whereas in the second pair (c, d) there was no gradient.

Clearly, the activity of lubiprostone is retained and the

sensitivity to bumetanide infers that the current was due to

the transepithelial transport of chloride, and unlikely to be

Figure 6 Effects of the CFTR channel blocker, GlyH-101, on Calu-3 epithelia after addition of DCEBIO, 100 mM, basolaterally. (a) Shows SCC
responses of a Calu-3KD epithelium to cumulative concentrations of GlyH-101 (added apically) after treatment with DCEBIO. Note that Calu-
3KD epithelia gave significantly smaller responses to DCEBIO (shown in (c)). (b) Shows a SCC record from a Calu-3WT epithelium after
addition of DCEBIO and GlyH-101, 50mM. (d) Shows the percentage inhibition of SCC in Calu-3 epithelia of both types to cumulative addition
of GlyH-101 after the SCC was increased with DCEBIO.
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mediated by CFTR. In experiments using matched pairs of

epithelia, the charge transfer due to lubiprostone was

34.974.0 nEq 5 min�1 in the absence of GlyH-101 and

32.076.1 nEq 5 min�1 in its presence (both n¼3, NS). Thus,

it seems improbable that Calu-3KD cells, in the presence of

GlyH-101, would be able to maintain a secretory response

not significantly different from controls, in the absence of

the inhibitor, by activating any residual CFTR channels.

Discussion

It is generally believed that replacement of a small amount of

CFTR in CF epithelia is sufficient to restore normal function.

Human lung xenografts in nu/nu mice showed nearly

normal cAMP-stimulated chloride transport, despite only

transducing 5% of cells with a recombinant adenovirus,

whereas other transporting features were not restored (Gold-

man et al., 1995). Here, we show that Calu-3 cells, a model

human cell system for the serous cells of human airway

submucosal glands, in which CFTR had been downregulated

by persistent synthesis of siRNA intracellularly, also retained

some CFTR-dependent transporting activities. With a max-

imal CFTR content of 5%, compared with wild-type Calu-3

cells, the modified cells showed 25% of normal cAMP-

dependent chloride secretion, measured from peak responses

and even less when sustained secretory responses were

assessed. However, it is difficult to assess if CF epithelia with

only 5% of the cells restored to normal should or would

behave equivalently to an epithelium with only 5% of the

normal CFTR content in all cells. Nevertheless, the beha-

viour of both types of epithelium were inferior to native

epithelia, suggesting that considerably more CFTR content is

required for normal function. Following submission of this

paper, we learned that another group (Palmer et al., 2006)

had produced a Calu-3 cell line expressing siRNA that

showed a 99% reduction in CFTR mRNA and with a 95%

reduction in the response to cAMP.

As stated in the introduction, our reasons for generating

Calu-3KD cells was to search for agents that would restore

chloride secretion to levels as great as those found in Calu-

3WT epithelia, but without a requirement for CFTR.

Submucosal gland secretion in CF to CCh is partially spared

(Joo et al., 2002), but it is unclear from what part of the gland

the secretion arises. Our data suggest that it cannot be the

serous cells as in the presence of the CFTR channel blocker,

GlyH-101, sufficient to completely inhibit all CFTR chan-

nels, no response to CCh remained. Thus, the responses

in the absence of GlyH-101 must have resulted from the

increased driving force due to hyperpolarization forcing Cl�

exit through residual CFTR channels. We have no explana-

tion for the significantly increased responses to CCh in Calu-

3KD epithelia compared with Calu-3WT epithelia.

The polypeptide antibiotic duramycin was reported to

selectively increase chloride permeability in surface airway

epithelia (Cloutier et al., 1990). We have examined duramy-

cin and the closely related peptide, R-009, before using both

a human colonic cell line (HCA-7) (Roberts et al., 1991) and

on lipid bilayers (Sheth et al., 1992). In those earlier studies,

we found no evidence of a selective increase in permeability

to chloride. In this study, again no evidence for a selective

increase in Cl� permeabilty was found, although minor

Figure 7 Records of SCC for three Calu-3WT epithelia from the
same batch. Responses to lubiprostone (Lubi) (200 nM applied
apically in (a)) were suppressed when forskolin (1mM (b) or 0.1mM

(c) applied to both sides) were given before lubiprostone. Both
forskolin and lubiprostone caused small changes in transepithelial
conductance (0.52 ms cm�2 for lubiprostone; 0.34 and
0.56 ms cm�2 for forskolin, 1 and 0.1 mM, respectively). A basolateral
to apical chloride gradient was present.

Figure 8 Records of SCC from two Calu-3WT epithelia from the
same batch. Lubiprostone (Lubi) is effective in suppressing the
responses to forskolin when former is given first (b). Conductance
changes were forskolin 0.8 ms cm�2 (a) and lubiprostone
1.2 ms cm�2 (b). A basolateral to apical chloride gradient was
present.
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differences in behaviour towards the polypeptides was found

in the two types of epithelia.

GlyH-101 is a new CFTR channel blocker that acts from the

outside face of the channels (Muanprasat et al., 2004). It has

proved useful in a number of instances in this study for its

ability to convert either type of Calu-3 epithelium to

‘chemical knock-out models’. However, its blocking actions

were not straightforward and pose some intriguing questions

for which no straightforward interpretation seems possible.

The first problem arises from the leftward shift of the

concentration–response curve in Calu-3KD epithelia

(Figure 6d). A simple explanation of this finding would be

that the affinity of GlyH-101 for the channel is increased in

Calu-3KD epithelia over that found in Calu-3WT epithelia.

This explanation seems unlikely, as siRNA acts simply by

reducing the amount of target protein made by the cells. A

second approach is by consideration of the concept of spare

receptors, that is can there be, by analogy, ‘spare channels’?

Figure 9 SCC records for three Calu-3WT epithelia from the same batch. The upper record (a) was used as a control for the solvents used for
forskolin and GlyH-101; these did not affect the responsiveness to lubiprostone (Lubi) or to CCh and bumetanide. The middle record (b) shows
an initial response to forskolin following which GlyH-101 (50 mM) was added. After 30 min, there was no response to lubiprostone or CCh and a
minimal response to bumetanide. The lower trace (c) repeats the protocol of the middle record, without the addition of forskolin. After 30 min,
exposure to GlyH-101 responses to lubiprostone, CCh and bumetanide are apparent. A basolateral to apical chloride gradient was present.

Figure 10 SCC records for two pairs of Calu-3KD epithelia. (a and b) are records from two 23-day cultures mounted in the presence of an
apical to basolateral chloride gradient, whereas (c) and (d) are two 12-day cultures mounted without a gradient. Two epithelia (b and d) were
exposed to GlyH-101 (50 mM) on the apical side. All four epithelia were exposed to lubiprostone (lub) 200 nM as indicated.
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Put another way, could there be a channel reserve that can be

recruited to the membrane as other channels are blocked,

thus, reducing the amount of inhibition expected in the

absence of a reserve? It is known that there is continual

traffic between CFTR in the membrane and that stored in

vesicles just below the surface. It is also known that agents

stimulating cAMP-dependent chloride secretion promote an

acute insertion-retrieval trafficking process associated with

an increase in membrane capacitance (Peters et al., 2001).

Thus, Calu-3WT epithelia may have a large channel reserve,

but available for replacement. In contrast, Calu-3KD may

have little or no store of CFTR, with most of that available

located in the apical membrane. This hypothesis is consis-

tent with some of our findings with GlyH-101. The extent of

the leftward shift in the concentration–response relationship

suggests that Calu-3WT epithelia can maintain an apical

channel density three times that of the KD variant, at least at

low GlyH-101 concentrations. This ratio is not very different

from the ratio of cAMP-dependent chloride secretion in the

two types of epithelium (Figure 2). Also, we noted in Calu-

3KD monolayers that the responses to forskolin, when

present, were not maintained, in contrast to those in Calu-

3WT models. That the CFTR content of Calu-3KD epithelia

is only 5% of that of wild type (Figure 1) adds force to the

arguments made above that Calu-3KD epithelia lack a

reserve of CFTR. Thus, when a large concentration of

GlyH-101 is added to Calu-3WT epithelia, there is an

immediate reduction in current, followed by rapid replace-

ment of channels from internal stores, maintaining the

current at a higher level. Afterwards, the current finally

wanes, as the supply of fresh channels is depleted (Figure 6b),

a pattern not replicated in Calu-3KD monolayers (Figure 10).

Further, our hypothesis might provide the explanation for

the commonly stated principle that replacement of only a

small fraction of CFTR by gene therapy is necessary to restore

full function to tissues. But can the responses be maintained?

We stress this as a working hypothesis and we are pursuing

this by further experiments, not appropriate for inclusion

here.

The ClC-2 channel is one of a family of widely distributed

human chloride channels (Jentsch et al., 2005). Suggestions

have been made that ClC-2 channels might provide an

alternative pathway for chloride secretion in CF. ClC-2

channels are found in epithelia but there is no general

agreement as to whether they are located apically (Cuppo-

letti et al., 2004), basolaterally (Pena-Munzenmayer et al.,

2005) or are concentrated in the apical aspect of the tight

junction complexes (Mohammad-Panah et al., 2001), in-

deed, their location may vary in different types of epithelia.

Lubiprostone has been shown to stimulate chloride secretion

in epithelial monolayers of cultured T84 cells, a human

colonic cell line, that has been attributed to an action on

ClC-2 channels (Cuppoletti et al., 2004). ClC-2 channels are

present in Calu-3 cells, but their location is unknown

(Cuppoletti et al., 2001).

In this study, it is shown that lubiprostone stimulates a

bumetanide sensitive increase in SCC, comparable to that

produced by forskolin. The sensitivity to bumetanide

strongly supports the view that that transport was transcel-

lular. Further, the similarity of the responses to lubiprostone,

whether or not basolateral to apical chloride gradient was

present argues against a tight-junction involvement. We

were concerned that CFTR was the final effector in the

response of Calu-3 epithelia to lubiprostone, especially as the

effects of both lubiprostone and forskolin were mutually

exclusive. Although we are actively exploring the mechan-

isms of this interaction, it is enough here to point out that

lubiprostone is equally effective in Calu-3WT and Calu3KD

epithelia and that Calu-3KD epithelia respond equally to

lubiprostone in the presence or absence of the CFTR channel

blocker GlyH-101. Thus, it seems likely that lubiprostone

activates an alternative chloride conductance in Calu-3

epithelia. If this alternative chloride conductance was

located basolaterally it could possibly increase chloride

influx through the basolateral aspects of the cells, but

presumably would be insensitive to bumetanide. However,

another chloride conductance would still be needed on the

apical face to allow exit in the presence of GlyH-101.

Therefore, we conclude that lubiprostone activates an

‘alternative to CFTR’ chloride conductance that must be

located, at least partly, in the apical face of Calu-3 epithelia.

We cannot conclude definitively that the target for lubipros-

tone is ClC-2, but it is clearly a likely candidate. Further,

we cannot assume that the results with Calu-3 epithelia

will be replicated with intact submucosal glands. Never-

theless, our results with lubiprostone raise the possibility

that ClC-2 activators could have applicability to therapy

for CF.

Finally, CFTR is not only a chloride channel, but an

important regulator of other membrane channels (Schwie-

bert et al., 1999; Wei et al., 1999). We considered that the

construction of cells with severely reduced CFTR content

might alter its regulatory activity. Specifically, we might

expect upregulation of amiloride sensitive sodium channels,

ENaC, and calcium sensitive chloride channels, calcium

activated chloride channel. No responses to amiloride were

apparent in Calu-3KD monolayers and neither did the

calcium-dependent responses to CCh survive in the presence

of GlyH-101. Thus, neither prediction was fulfilled.

From the data presented here, it would seem that more

than one copy of the siRNA construct would need to be

incorporated into the Calu-3 genome to produce a knockout

Calu-3 cell model. However, the present Calu-3KD cell line

in the presence of GlyH-101 appears to be a useful model to

investigate non-CFTR dependent drug therapy for CF.
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