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3 Introduction

1.1 General introduction

Cystic Fibrosis (CF) is the most common lethal autosomal recessive disease in the
caucasian population, affecting ~1:2500 newborns (1,2). There are approximately 1000 CF
patients in the Netheriands (3). Patients are characterized by recurrent pulmonary infections,
pancreatic insufficiency and elevated sweat salt concentrations. Although improved therapy
has resulted in an average lifespan of ~29 years, CF remains a serious destructive disease
with a grim prognosis. Cystic Fibrosis is caused by mutations in the gene encoding the Cystic
Fibrosis Transmembrane Conductance Regutator (CFTR) (4-6), a cAMP regulated CI
channel expressed in the apical (lwminal) membrane of many exocrine epithelia (5). The most
common mutation in CFTR is a single amino acid deletion at position 508, AF508, found in
~70% of all CF alleles (6). The AF508 mutation causes a defect in CFTR maturation resulting
in an incorrect targeting to the apical membrane; the mutant protein is retained and degraded
in the endoplasmic reticulum (ER) by the quality control mechanism (7).

Although the gene defective in CF patients has been identified, CF disease
pathogenesis is still a not well uaderstood process. In order to explain the CF pathogenesis, a
detailed understanding of the CFTR profein is essential. For this, we have sfudied the
regulation of CFTR, its physiological functions, and the effects of the AF508 CFTR mutation.
Based on the functions of CFTR and the specific properties of CFTR mutants, strategies
towards a therapy for CF can be developed.

1.2 History

Long before the first comprehensive description of CF in 1938 (8), a folkloric
anecdote existed of midwives licking the forehead of newborns. If the sweat tasted abnormally
salty, the infant was predicted to die of pulmonary congestion and its side effects. This
folklere may relate to the observation of elevated sweat salt levels in CF by Di Sant-Agnese in
1953 (9). To date, the elevated sweat NaCl is stili used in many clinics to help establish the
diagnosis of CF. In 1981 it was observed that CF patients have an increased potential
difference (PD) across pulmonary epithelia (10). This increased PD» was also present across
CF sweat duct epithelia, This was ascribed to a chloride impermeability of the tissue,
resulting in a reduced NaCl uptake (11,12). Finally, in 1989, the CF gene was discovered, as
one of the first genes to be isolated by positional cloning (4-6), The gene product was named
the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), and encodes a cAMP
regulated Cl' channel (13-17), expressed on the apical membrane of many epithelial cells
(18-22),
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1.3 Clinical phenotype

The major life threatening clinical manifestation of CF is recurrent pulmonary
infection. However, CF is a multi organ disease affecting, besides the respiratory tract, the
gastrointestinal tract (liver, galibladder, pancreas and intesting), the genito-urinary tract and
several other tissues, e.g. sweatgland. In addition, CF related organ insufficiency may cause
several secondary disease symptoms like diabetes and vitamin deficiencies. The more
prominent organ related disease symptoms are listed below (for comprehensive reviews see

(1,2).

1.3.1 Respiratory tract. At birth, no obvious pulmonary abnormalities are observed, except
for dilation of submucosal gland duct and acinus. One of the first pulmonary lesions is mucus
obstruction and infection of conducting airways (bronchioles). As the disease progresses,
observed pathology include broncheolar and brocheal inflammation, submucosal gland
hypertrophy and, hyperplasia of mucus producing goblet cells. Some small airways are
completely obstructed, In advanced stages of the disease, CF is manifested by prominent
bronchiectic cysts, brochiolar stenosis, areas of destructive emphysema and, peribroncheolar
and peribronchial fibrosis. The progressive airway destruction in CF is initiated by mucus
obstruction of conductive airways and the subsequent colonization by FPseudomonas
aeruginosa (especially of the mucoid type), Staphiylococcus aureus and, Hemophiliis
influenza. Several other bacterial strains have also been found. In the nose, polyp formation is
frequently observed (15-20%) associated with mucus accumulation and chronic rhinitis.

1.3.2 Gastrointestinal tract: Meconium ileus, affecting 5-10% of CF neonatals, is one of the
first major signs of gastrointestinal tract disease in CF. Less severe forms of meconium ileus
like meconium plug syndrome (large intestinal obstruction), may also be observed. Later in
life, smali intestinal obstruction (meconium ileus equivalent} occurs frequently (20%) in the
CF population. Virtually all CF patients develop pancreatic abnormalities. Pancreatic
insufficiency is caused by mucus obstruction of the pancreatic duct, and the subsequent loss of
acinar cells. These are replaced by fibrous tissue. Hepatobiliary disease in CF includes focal
biliary cirrhosis and mucus plugging of intrahepatic ducts. An abnormal gallbladder is also
frequently observed. Pancreatic insufficiency and hepatobiliary disease impairs both protein
and fat digestion and so contributes to intestinal malabsorption in CF. Additionally,
independent of pancreatic and liver function, the CF intestine may exhibit defects in nutrient
absorption, Reduced nutrient uptake due to gastrointestinal malfunctioning in CF resuits in
growth retardation. A side effect of fat malabsorption, are deficiencies in fat soluble vitamins
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(A, D, E, and K}, and their related diseases.

1.3.3 Other manifestations: Most male and part of the female CF patients are infertile. In
males the main cause of infertility is the absence of the vas deferens. In females infertility
may be secondary to malnutrition and/or lung infections, but it is also possible that thick
cervical mucus may prevent sperm passage. The fibrosis of pancreatic acini isolates and
obstructs blood flow to the pancreatic islets of Langerhans, potentially priming CF patients
for diabetes. Finally, CF patients exhibit elevated sweat NaCl, with sweat ClI" concentrations
exceeding 60 meq/l (23). ’

1.4 CFTR

The cystic fibrosis gene was cloned and characterized in 1989 (4-6). The cystic
fibrosis gene product was named the Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR). A model of CFTR is depicted in figure 1.1. Its encodes a protein of 1480 amino
acids consisting of two transmembrane domains (TM's), each spanning the membrane six
times, two nucleotide binding domains (NBD's) and a highly charged cytoplasmic domain
{the R domain) containing consensus sequences for phosphorylation. The most common
mutation in CFTR, found in ~70% of ail CF alleles is a single amino acid deletion of a
phenylalanine at position 508 (AF508) (6).

CFTR forms a2 cAMP regulated chioride channel with linear current-voltage
relationship in transfected Hela cells (13), Sf9 insect cells {15), CHO cells (14), and TEC cells
(17). Reconstitution of purified CFTR into planar lipid bilayers (16) and altered ion selectivity
upon mutation of residues lining the putative pore (24) indicated that CFTR itself is a chioride
channel, rather than being a channel regufator. The channel is expressed in the apical
membrane of epithelia involved in the transport of fluid and electrolytes (18-22) and has a
linear conductance of 8-10 pS (14,16,25).

CFEFTR bears homology to the protein superfamily of traffick ATPases or ATP Binding
Cassette (ABC) transporters (5,26). In general, these proteins are involved in the active
transport of substances across the membrane, for review see (26-29). Members of the ABC
transporter superfamilly include the mammalian multidrug resistant P-glycoprotein (reviewed
in (30), the yeast STE6 gene product (31,32), the epithelial basolateral chloride conductance
regulator EBCR (33), the sulfonylurea receptor SUR, and several bacterial periplasmic
permeases (reviewed in (27)).
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Figure 1.1: Topological model of CFIR, showing the mo
transmembrane dotains (TMI and TM2), each consisting of 6
membrane spanning segments (MI-MI2), the two nucleotide
binding domains (NBDI and NBD2} and the regulatory domain

().

1.4.1 CFIR expression. The expression of CFTR mRNA and protein is primarily restricted to
epithelial tissues affected in CF (5). In the gastrointestinal tract, high CFTR mRNA
expression was found in the small intestine and colon, with declining message from crypt to
villus (34,35). CFIR expression was also found in epithelial cells of the pancreatic duct
(34,35) and gallbladder (35,36), whereas low CFTR expression was observed in the stomach
(34,35). In the respiratory tract, expression of CFTR protein was found predominantly in
submucosal glands (22) and was not detectable in surface epithelium (18,22). However,
pulmonary surface epithelia do express detectable amounts of CFTR mRNA albeit at low
levels.

In addition to the gastrointestinal and respiratory tracts, CFTR expression was also
found in other secretory and/or abserptive tissucs, some of which apparently are not involved
in CF pathogenesis. CFTR expression was found in salivary gland-, sweat duct- and thyroid
epithelia (for reviews see (37-39)), and renal epithelia (for review see (40)). In the brain, the
CFTR protein was detected in the choroid plexus and ventricular epithelium (41) and in
various other areas (42). Non secretory cells expressing CFTR include human lymphocytes
(43) and cardiac myocytes (44,45).

1.4.2 Regulation of CFIR expression: The CFTR promotor contains several potential
transcriptional regulatory elements. Among these are 2 pofential AP1 binding sites, which,
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for some genes, are involved in the transcription fesponse to phorbol esters (46). Indeed, long
term incubation with phorbol esters markedly decreased CFTR mRNA (46-49) and protein
(49), with only 10-20% of normal CFTR mRNA levels detectable after a 12 hr incubation. An
increase in CFTR mRNA was observed after a long term incubation with the PKC inhibitors
H7 and staurosporin (48). In addition to inhibition of protein synthesis by phorbol esters,
these agents may also promote CFTR protein degradation (50). The CFIR promotor also
contains a potential cAMP response element (46). Prolonged exposure to agents that elevate
the intracellular cAMP concentration induce CFTR protein expression ~3 fold (51). The
inflammatory agents IENy (52) and TNFo (53) both reduce CFTR mRNA and protein
expression. This dowaregulation of CFTR expression in response to cytokines may occurs as
a tissue's response to a bacterial infection.

1.4.3 CFIR isoforms: CFTR is expressed in cardiac myocytes, but is present in a slightly
different isoform. In these cells, CFTR lacks a stretch of 30 amino acids, CFTR,e4.103
corresponding to a sequence in the first cytoplasmic loop (45,54). In the kidney, a CFIR
mRNA was isolated which encodes for a protein lacking the second TM domain and NBD2,
TNR-CFTR. TNR-CFIR mRNA was caused by an alternative spicing between exon 13 and
14, which resulted in a premature stop codon. When expressed in Xenopus oocytes, TNR-
CFTR could form a cAMP regutated Cl” channel with similar properties compared to wildtype
{wt) CEFTR (55). Truncated CFTR proteins can dimerize to form functional CI' channels, as
was shown for the D836X mutant (56),

1.4.4 Domains of CFIR:

1.4,4.1 The transmembrane domains: On the basis of hydrophobicity analysis, CFTR is
predicted to consist of a tandem repeat of six membrane spanning segments (MI-12) with
three extracellular and two intracellular loops (5). This membrane ifopography has been
confirmed by insertion of N-glycosylation consensus sequences (57). As the transmembrane
{TM) domains are in the lipid bilayer, they are likely to contribute to the pore and its (an-) ion
selectivity. In search for the pore, CFTR deletion mutants have been generated.

The first transmembrane domain of CFIR appears important for the formation of the
channel pore. This was based on the ability of CFTR which lacked the second TM domain
and NBD2, D836X, to form cAMP regulated chloride channels when expressed in Xenopus
oocytes (56). In contrast, CFTR lacking the first TM domain and NBD{ failed to form a CI
channel (56). Synthetic peptides of M6 and M2 by themselves can form anion selective
channeis in lipid bilayers (58). Another way to identify the pore forming motif is to identify
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the amino acids lining the pore. Akabas and coworkers have done this within M1 by mutating
a single amino acid of each of the residues 91-99 to a cysteine (59). They hypothesized that
the cysteine can interact with sulfhydryl specific methanethiosulfate only when the cysteine
lined the channel pore. G91, K95 and E98 were found to react. The periodicity is consistent
with an o-helical structure of M1 (59), With a similar approach, 1331, L1333, R334, K335,
F337, 8341, 1344, R347, T351, R352 and Q353 were found to interact with the 6th
membrane spanning domain (60).

Charged residues within the pore are likely to contribute to the jon-selectivity of the
channel {for review sec cf (61)). There are a number of basic (positively charged) residues
within the membrane spanning domains, several of which have been implicated in anion
selectivity of the pore. For example, mutation of lysine 95 or 335 to aspartic acid and
glutamate respectively, resulted in altered anion selectivity (24). Mutation of arginine 334 or
347 in M6 decreased channel conductance (62). Thus, positively charged residues lie within
the pore and contribute io ion selectivity and conductance of CFTR. The importance of
positively charged residues within M6 (R334, K355 and R347) could not be confirmed in a
recent study (63). Although this study showed that the relative anion permeability of CFTR is
not influenced when these residues are mutated to either giutamate or histidine, the single
channel (chloride) conductance may stili have been altered, which could not be analyzed in
this study as it used whole ceil patch clamp analysis.

1.4.4.2 The R domain: The R domain is a unique sequence, not shared by other ABC
transporters. It contains muitiple cAK and PKC phosphorylation consensus sequences (5) (see
also chapter 1.5.3). Phosphorylation of CFTR on the R domain is required for channel
opening (13-16). Tt has been suggested that the R domain, when not phosphorylated, blocks
the pore via a "balt and chain" mechanism. In agreement with this, the deletion of the R
domain resulted in a constifuitively active CFTR CI' channel (64,65) and, in lipid bilayers,
addition of exogenous R domain protein to CFTR resulted in a phosphorylation dependent
block of the channel (66). Phosphorylation results in an increased negative charge on the R
domain which might be sufficient for release of the pore-block as mutation of 8 (but not 4
(67,68)) serines for aspartic acid led to constituitively active CFTR CI channels (68). Upon
cAK but not PKC phosphorylation the R domain changes its conformation (69).

1.4.4.3 The nucleotide binding domains: One of the puzziing characteristics of the CFTR
protein is the presence of the two nucleotide binding domains. Other ABC transporters use
ATP hydrolysis for the transport of solutes against a gradient, whereas chloride transport is
passive, i.e. Cl distributes according to the electrochemical gradient. Therefore, the first
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question to be answered was whether CFTR channel opening required ATP hydrolysis or just
ATP binding. ATP and several analogues were found to directly bind to CFTR (70). Also,
mutations in the NBD's caused an altered relation between channel activation and ATP
concentration, indicative of a direct interaction between ATP and CFTR (71). Whether CFTR
actually required ATP hydrolysis was investigated by using triphosphate analogues.
Hydrolyzable triphosphates (ATP, GTP, ITP, UTP and CTP) were able to induce channel
opening, non- or poorly hydrolyzable triphosphates (AMP-PNP, ATPyS, AMP-PCP, AMP-
CPP) could not (72). Direct ATP hydrolysis was measured at NBDI in fusion with the
maltose binding protein {73). It thus appears that ATP binding and hydrolysis is required to
open the channel. ADP and AMP could not support channel activity (72,74). Both NBD's
contain Walker A (GXXXXGKT/S) and B (ZZZZD, Z= hydrophobic) consensus motifs for
ATP binding (75), lying, in ABC transporters, at a distance of 133-166 aa from each other
{76). Mutations in the NBD's were generated to investigate individual roles of the NBD's in
CFTR function, and are summarized below.

1.4.4.4 The role of NBD1: Mutations interfering with nucleotide binding, like G551D (77},
or hydrolysis in NBD1 show decreased CFTR channel Po (71,78,79), reduced forskolin and
IBMX activation (80), or reduced the access to the activated state (81). From these
observations it can be conciuded that ATP hydrolysis at NBD1 is required for CFTR channel

opening,

1.4.4.5 The role of NBD2: At NBD2, the sifuation is somewhat more complex. Disrupting or
impairing nucleotide binding, or interfering with the hydrolysis of ATP result in a low
channel Po (78,79) and decrease access to the activation state in Xenopus oocytes (81). Thus,
ATP hydrolysis at NBD2 is required for CFTR channel activation. In addition, ATP
hydrolysis at NBD2 is required for channel closure as mutations that interfere with ATP
hydrolysis, besides decreasing Po, increased the channel burst duration (78,79). Similarly,
these mutations stabilized the active state of CFTR (81).

The kinetics of CFTR opening and closure was studied in detail by Gunderson and
colleagues (79). A second open state (O, of CFTR was detected with slightly increased
channel conductance. Mutations at NBD2 (K1250A, Ki250G, K1250M, K1250T and
DI1370N) interfere with the transition from O, to O, and caused a large increase in burst
duration. From these data, the authors hypothesized that the O, state of CFTR is entered upon
ATP hydrolysis at NBD1. The O, state of the channel is entered upon ATP hydrolysis at
NBD2. From the O, state the channel can close spontaneousty. Thus mutations that interfere
with ATP hydrolysis at NBD2 interfere with channei closure (79). Non hydrolyzable
nucleotides e.g. AMP-PNP (78,82), or agents that interfere with ATP hydrolysis like PPi (83)
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or VO, and BeF,; (84) also induce a prolonged burst duration of CFTR when administered in
the presence of ATP. This can be explained by a model in which these agents interfere with
ATP hydrolysis at NBD2, The defailed understanding of the complex model of CFTR channel
gating provides a novel pathway for the development of pharmacotherapy for CF, as it
appears possible to increase CFTR channel activity by interfering with ATP hydrolysis at
NBD2. Increasing CFTR channel activity may be of benefit for patients with residual CFTR
activity or, in future, support CFTR expression elicited via gene {ransfer.

1.4.5 Reguiation of CFIR activity: The regulation of the CFTR CI channel is complex; both
multisite phosphorylation on the R domain by cAMP dependent protein kinase (cAK) and the
binding and hydrolysis of ATP on the nucleotide binding domains (NBD's) are required for
channel opening (figure 1.2). Once phosphorylated by cAK, ATP alone is sufficient for
channel opening (72). It has been suggested by Gadsby and coworkers that differences in the
phosphorylation state of CFTR correspond to differences in channel activity (85), perhaps due
to the presence of a labile phosphorylation site (78). For an excellent review on CFTR
channel gating see (86). Below, an overview is given of the complex activation of CFTR by
various protein kinases and nucleotide triphosphates.

1.4.5.1 cAMP regulation: CFTR can be activated in intact cells by the second messenger
cAMP or, in excised membrane patches, by cAK (an effector enzyme of cAMP) and ATP, as
was shown in transfected Hela cells (13), Sf9 insect cells (15), CHO cells (14), IEC cells (17)
and upon reconstitufion of purified CFTR in planar lipid bilayers (16). CFTR might be a
direct target for cAK as the initial analysis of the primary protein sequence of CFTR revealed
10 putative cAK consensus sequences, 9 of these are located within the R domain. (5).
indeed, CFTR is phosphorylated by ¢AK both in vitro and in vivo (65,67,68). Multiple sites
are phosphorylated as the stoichiometry of phosphate incorporation in the R domain of CFTR
was 5-6 mol/mol (69,87).

A search was conducted to identify the sites phosphorylated by cAK. 13 sites
phosphorylated by cAK were identified in vitro, 4 of which (S660, 8737, $795 and S813)
were also phosphorylated in vivo (65). Analysis of phosphorylation sites in CF2, a peptide
corresponding to most of the R domain (CFTR,; &), or wt CFTR revealed a similar pattern:
5660, §700, $737, S813 and cither $768 or $795, or both, are phosphorylated in vitro, and at
least $660 and 8700 in vive (87). Mutation of the 4 primarily phosphorylated sites in viva,
S660A, S737A, S795A and S813A (the quad mutant) abolished cAMP induced chioride
secretion (65), indicating that these serines were important for cAK regulation. However, the
quad mutant expressed at high levels did reveal cAK regulated CFTR activity, albeit with
lower Po (67,68). Residual cAK regulated CFTR activation of the quad mutant indicated
other potential regulatory phosphorylation sites. Substitution of all 8 consensus serine




11 Introduction

phosphorylation sites in the R domain (8SA) (68) or all 10 putative phosphorylation sites in
CFTR (10SA) (67) still produced cAK regutated chioride channels. Only when the complete
R domain was deleted in combination with $660A mutation (AR S660A) cAK regulation was

absent (68).
cr cr

Figure 1.2: Opening of the CFIR CI channel requires
both ATP binding and hydrolysis at the nucleotide binding
domains (NBD) and multisite phosphorylation on the
reguiatory domain (R). TM: transmembrane domains.

It is interesting to note that the putative cAK phosphorylation sites were identified with
the R-R/K-x-S/T" consensus sequence, asterix indicates the putative phosphorylated residue.
Although this is the preferred cAK phosphorylation consensus sequence, both R-x-x-8"/T" and
R-x-8"/T" sequences are also recognized by cAK (reviewed in (88)). Mutation of alt the R-
R/K-x-8 sequences in CFTR (the 10SA mutant) did not completely abolish cAK regulation
(67) and could be phosphorylated, likeij,; on S753 (89). Interestingly, the S753 has the
consensus sequence R-x-S. The 8753A mutation in combination with the 10SA mutant further
reduces CFTR activity (89) showing invoivement of this phosphoserine, and the importance
of other cAK consensus sequences in the regulation of CFTR.

No single phosphorylation site is highly important for CFTR activation as mutagenesis
of single phosphorylation sites (S660A, S737A, $795A or S813A) did not alter channel
activity {65). Rather, a general increase in negative charge accumulation elicited by
phosphorylation appears important for CFTR activation as substitution of serine for the
negatively charged aspartic acid on 6-8 putative phosphorylation sites generates constituitively
active channels (68). When only 4 or 5 mutations were introduced S660D/E, S737D/E,
S$7951/E and S813D/E (and S700D) no constituitively active channels were observed {67,68),
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indicating that a large accumulation of negative charge is required.

1.4.5.2 PKC regnlation; 7 putative phosphorylation sites for PKC, the Ca** and phospholipid
dependent protein kinase, were identified (5). PKC directly phosphorylates CFTR in vitro
(90) and in vive on serines 8686 and S790 (87). It was found that PKC could directly activate
CFTR at 10-15% of cAK activity (14,90). Furthermore, Cl secretion was induced by phorbol
myristate acetate (PMA, an activator of PKC) in CFTR iransfected C127i cells (91) but not in
mouse L-cels (92). Cardiac CFTR CI' channels could be submaximally activated in intact
ceils by 4f3-phorbel 12,13-dibutyrate (PDBu, an activator of PKC) stimulation {(93). In
addition to a being a direct activator of CFTR, PKC was reported to potentiate cAK activation
CFTR (14,94), even with CFTR mutated for all consensus cAK phosphorylation sites (10SA)
(67). The potentiating effect was not found by Berger and coworkers (90) and thus might be
cell type dependent. Prolonged exposure to PDBu, 0.54 hr, did not induce a chloride current
by itself, but could potentiate the cAMP response by 31% in pancreatic duct cells (95). In
addition, inhibition of PKC slowed the rate of CFTR rundown in the whole cell patch (95). In
summary, PKC has a twofold effect on CFTR activity. Firstly, PKC can directly activate
CFTR, but the effect is relatively small when compared to cAK activation of CFTR.
Secondly, PKC appears to have a potentiating effect on cAK activated CFTR. Both PKC
effccts however, appear to be cell type dependent.

1.4.5.3 ¢cGMP regulation: A major class of microbial enterotoxins, i.e. the family of heat
stable enterotoxins secreted by E-coli (STa), as well as the endogenous STa like peptide
hormone guanylin, result in the accumulation of the second messenger cyclic GMP (cGMP)
via the activation of a guanylyl cyclase (GC-C), The ¢cGMP response in the enterocyte is
involved salt and water secretion across the intestinal epithelium. As the ¢cGMP induced
chloride secretion is defective in CF epithelia, the involvement of CFTR in this pathway was
suggested (for review see (96)). Several mechanisms have been proposed to link cGMP to the
CFTR CI channels, one of which is a cross-activation by ¢cGMP of cAMP dependent protein
kinase. This was shown in T84 intestinat epithelial cells (97,98) and Caco2 cells (99). cAK
crossactivation by ¢cGMP was based on the following observations: The ¢cGMP response could
be inhibited by PKI, an inhibitor of cAK (98,99) (but see (100)) but not with KT5823, an
inhibitor of ¢GKI (99,101). The ¢cGMP response could not be evoked by specific activators of
c¢GKlo, and B (97). ¢cGMP did not modulate the cAMP concentration (98). Also, the
concentrations of ¢cGMP analogues used or the ¢cGMP evoked (by STa) in these studies
exceeds the concentration at which ¢cGMP cross-activates cAK. The Ka of cAK for cAMP is
0.02 uM, for cGMP it is 4.1 pM (102},
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¢GMP may also activate CFTR via activation of ¢cGMP dependent protein kinases
{cGK's). To date, two isoenzymes of ¢GK's are known, ¢GKI and ¢GKII, for review see
(103,104}, Both c¢GKI (25,87,90) and ¢GKII (25) are capable of phosphorylating CFTR
(and/or CEF2) in vitro on similar sites as phosphorylated by cAK (25,87). c¢GK's can
phosphorylate the cAK consensus sequence R-R/K-x-S/T as the ¢cGK consensus sequences are
RE}-RE)-R{EK)-x-S/T and REK)-RK)-x-5/T (88). Although both ¢GK's can phosphorylate
CFTR in vitro, ¢cGKI proved virtually incapable of activating CFTR in excised patches of
3T3 fibroblasts (25,90), but could activate CFTR like CI' channels in T84 human colonic
epithelial cells (105). ¢GKII could activate CFTR (25), albeit with slower kinetics than cAK,
Lin and coworkers (105) found CFTR-like CI channels in excised patches from T84 cells
when stimulated only by ATP and ¢cGMP. They concluded that a membrane bound cGK was
responsible for CFTR activation. ¢GKII is attached to the membrane via N-terminal
myristrylation, suggesting that ¢GKII is a good candidate for CFTR activation in these
experiments.

Recently, a third mechanism of ¢cGMP regulation of CFTR was proposed in which
c¢GMP directly activates CFTR in an allosteric fashion (106). ¢cGMP activation of CFTR
chloride channels was demonsirated by the two electrode voltage clamp technique foliowing
injection of CFTR mRNA into Xenopiues oocytes. This response was insensitive to both cAK
and c¢GKI inhibitors. A putative cyclic nucleotide binding site in CFTR was found. Upon
mutation of residues lining the cGMP binding site, altered cGMP responses were found in 2/7
mutations {106). However, studies in mammalian expression systems, including our own data
did not show evidence for a direct activation of CFTR by ¢GMP and ATP in intact cells or
excised patches (25,107).

1.4.5.4 Tyrosine kinases: In addition to regulation of CFTR by the serine/threonine protein
kinases cAK, cGKII and PKC, several groups have studied the involvement of tyrosine
kinases in the regulation of CFTR. Although no tyrosine residues on CFTR appeared to be
phosphorylated (65), genistein, a tyrosine kinase inhibitor (108,109), was able to activate
CFTR in the CFTR transfected cell lines IEC-CF7 and NIH-3T3 (110,111) and in CFTR
expressing HT29/B6 adenocarcinoma and T84 colonic epithelial celis (112). Furthermore,
genistein induced a chloride secretion in the shark rectal gland (113) and enhanced the cAMP
induced chloride secretion across rat distal colon (114). In both tissues, the genistein induced
chloride secretion was dependent on the activation of CFTR-Cl channels. Genistein did not
activate CFTR by increasing the [cAMP}; (110,111), but its action required basal cAMP
levels (112) suggesting a possible action as a protein phosphatase inhibitor (112,115). In
chapter 3.2 we provide evidence that genistein neither acts via tyrosine kinase inhibition nor
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via inhibition of a protein phosphatase. Instead, we propose that genistein directly acts on
CFTR (French et al, submitted). Among other tyrosine kinase inhibitors tested, only
tyrphostin 47 (110) and B42 (111} but not tyrphostin 51 and 25, herbimycin, AG126 and,
cantharidin were able to activate CFTR in NIH-3T3 fibroblasts (H.R. de Jonge, unpublished
observation). Similar observations were made using other cell types (112}.

1.4.5.5 Other protein kinases: The calcium-calmodulin dependent protein kinase-II (CaMKITE)
could not activate CFTR in the excised patch (90), nor did CamKII inhibitors affect the STa
induced CEFTR CI secretion (98). No in vitro phosphorylation of CFTR (90) and CF2 (87)
was observed with CaMKI. CaMKI but not CamKIil or Casein kinase I was able to
phosphorylate CF2 in vitro (87). Whether CamKI has a role in CFTR activation is presently
unclear.

1.4.5.6 Dephosphoryiation; As phosphorylation activates the channel, its counterpart,
dephosphorylation, should inactivate the channel. The investigations on CFTR
dephosphorylation do not give a consistent picture as to which protein phosphatases are
involved. The protein phosphatases 1 and 2B neither affected CFTR channel currents in the
excised patch nor did they dephosphorylate CFTR in vitro (90). Phosphatase 2A decreased the
cAK induced CFTR current by 63% in transfected NIH-3T3 fibroblasts, and this phosphatase
coutd aiso directly dephosphorylate CFTR in vitro (90). Thus, phosphatase 2A and not 1-or
2B is involved in CFTR dephosphdrylation. In contrast, phosphatase 1 and 2A inhibitor
okadaic acid did not prevent channel rundowsn (deactivation) or increase Po in transfected
CHO cells (14,116) (but see beiow).

Alkaline phosphatase decreased CFTR channel Po (14) and directly counteracted cAK
induced CFTR phosphorylation (116). Alkaline phosphatase inhibitors (VO,, IBMX or Br-},
inhibited CFTR channel rundown upon excision of a membrane patch (116). However, these
experiments were performed in the absence of extracellular ATP, thus delayed channel
mndown could have been caused by a reduced ATP dissociation upon excision rather than
CFTR dephosphoryiation. In a different study, alkaline phosphatase was found to decrease
CFTR activity, but upon removal of the phosphatase CFTR activity was restored. The authors
suggested that the ATPase activity of alkaline phosphatase caused channel deactivation (90).
In summary, it is likely that protein phosphatase 2A and perhaps aikaline phosphatase, and
not 1 or 2B, mediate the dephosphorylation of CFTR. However, further analysis is required
to accurately determine which protein phosphatase is involved in CFTR dephosphorylation.

1.4.6 CFIR moduiation of other ion channels: CFIR has been reported to modulate other ion
conductances, which is not an uncommon principle for ABC transporters (for review see
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(117)). There have been several reports on a regulatory role for CFTR on the outward
rectifying chloride channel, ORCC, an ubiquitously expressed chioride channel. Initially it
was thought that defective cAK regulation of this channel was the underlying cause of cystic
fibrosis (for review see (118)). However, the cloning and characterization of the CF gene
revealed that CFTR and the ORCC are distinct proteins, see e.g. (119), encoded by separate
genes (see aiso (17)).

Under specific whole cell patch clamp conditions (5 mM ATP in the pipette), cAMP
induces CI' currents that are derived from both CFTR and ORCC (120). Both currents are
absent in CF cells, indicating a potential cross talk between ORCC and CFIR. Similar
experiments revealed that CFTR mutant A455E but not G551D was able to regulate the
ORCC (121). A regulatory role for CFTR on the ORCC was further suggested by single
channel patch clamp experiments, showing ORCC activation by cAK and ATP only in CFTR
expressing cells, but not in CF cell lines (119,122). Reconstitution of CFFR and ORCC in
tipid bilayers showed similar results; the presence of CFTR was required for cAK sctivation
of the ORCC (123), and could not be replaced by the inactive CEFTR mutant G551D (124).

An interesting model was proposed by Schwiebert and colleagues linking CFTR to the
ORCC (125). Conductance of ATP through CFTR activates the P,y receptor subsequently
activating the ORCC. The model was modified later when it was shown that extracellular
ATP by itself was insufficient to activate the ORCC but that the actual presence of (G551D)
CFTR was required (124). G-proteins were hypothesized to modulate the additional
interaction between CFIR and the ORCC (126). However, the model does not unify the
above mentioned data and there remain considerable controversies. Firstly, the model requires
that CFTR miodulates ATP secretion. However, there is little evidence that CFTR conducts
ATP itself {127-129). A previous study which did show ATP conductivity of CFTR (130)
failed to provide convincing data that CFTR was in fact the channel studied. Secondly, in
bilayer experiments (123), the Py, receptor is likely to be absent (due to purification of the
reconstituted proteins). Finally, CFTR was not detected in patches from mouse nasal
epithelia, but still conferred cAK sensitivity to the ORCC (119). In summary, the activation
of the ORCC by CFTR via ATP is a highly controversiat issue. This will remain so until the
sometimes conflicting data is explained, experiments are reproduced by independent
observers, and gaps in the theory (e.g. how does ATP exit the celi, which G-protein is
involved, and what messengers are required to activate the ORCC} are filled.

An increased amiloride-sensitive potential difference was found across pulmonary
epithelia of CF patients (10). Amiloride blocks epithelial apical Na® channels (ENaC's) and it
was concluded that the increased amiloride response in CF tissues was the result of increased
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Na* absorption (10), reviewed in (131). Transfection of CFTR to a CF tissue, reduces the
amiloride sensitive short circuit current (Isc) to values seen in controls (132). Tt was
concluded that CFTR restored the Na® hyperabsorption to normal. Subsequently, several
groups have investigated a relation between CFTR and ENaC's in more detail, Chinet and
colleagues found that a specific type of Na* channels had a higher Po in CF patients (133).
Also, coexpression of CFTR and ENaC's Ied to a lower Na* current compared to the Na*t
current in absence of CFTR (134), These results suggest that the presence of CFTR has a
negative regulatory effect on the ENaC's, The most convincing evidence of an interaction
between CFTR and the ENaC came from reconstitution experiments in lipid bilayers. In these
experiments, the simple presence of CFTR reduced the channel Po of the ENaC (135).

Although CFTR might negatively regulate ENaC's, we doubt the relevance of Na*
hyperabsorption in CF. Because, in order to have net flux of Na*, anions (Cl') have to foliow,
otherwise just a maximai Na* gradient is created. In the Ussing chamber, the current required
for short circuiting the tissue (the Isc) is only a measure for actively transported ions like
Na*, and not passively diffusing ions like CI' (136). The short circuit conditions do not
represent the in vivo situation where actively transported Na® flux has to be followed by
passive anion flux through a shunt pathway that may utilize CFTR chioride channels.
Therefore, increased Isc is not necessary correlated with increased flux in vivo (Bijman,
unpublished observations}. Thus, the increased amiloride sensitive Isc seen in CF, does not
imply Na* hyperabsorption in vive; in CF no Cl ions are capable of following the Na* flux.
Thus, although CFTR might reduce the ENaC channel activity, its relevance for Na*
absorption is debatabie.

1.5 The AF508 mutation

Mutations which resuit in a loss of channel activity in CFTR can be classified into
four major categories, class I-IV (fig 1.3), reviewed in (137). Class I mutations have a
defective protein production. Examples of CFTR mutants belonging to this category are all
mutations leading to a premature stop, thus stopcodon-, frameshift-, splice- mutations as well
as promotor mutations. Class II mutations have defective processing, meaning that CFTR
protein is made, but it is not correctly targeted to the apical plasma membrane., AF508,
AIS07, N1303K and several others belong to this category. NBD1 appears very sensitive for
processing mutations, as all (except for N1303K) have been found in this area. Class III
mutations have a defective regutation; CFTR is expressed in the apical membrane, but can not
be activated sufficiently. A typical example is the G551D mutation. Class IV mutations have
defective conductance, meaning that CFTR is present in the apical membrane but its
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conductance is severely reduced. CFTR mutations R117H, R334W and R347P are examples
of this category. Logically, these mutants are predominantly positively charged residues lining
the pore as these comprise anion-selectivity and conduciance of CFTR.

Figure 1.3: Schematic drawing of the different classes of mutation in

CFIR. I} defective protein production. M) defective processing. I}

defective regulation. IV} defeciive conductance. ER: endoplasmic

reticulum.

- 1.5.1 The AF508 mutation is a class IT mutation: The most common mutation in CFTR is a
single amino acid deletion at position 508 (AF508) (6). Topologically, phenylalanine 508 lies
within the first NBD, between the Walker A and B ATP binding sequences. Initially the
phenylalanine was thought to lie within a loop of NBD1 not participating in ATP hydrolysis
(26). However, a more detailed examination revealed that it is situated just a few amino acids
downstream of a site potentially involved in ATP hydrolysis (76). AF508-CFTR expressing
cells do not exhibit a cAMP stimulated CI' conductance (13). For review on AF508 CFTR see
@.

CFTR migrates as a triplet, band A, B, and C {in the order of reduced mobility) on a
western blot (138). Band A represents the unglycosylated form of CFTR, band B is a core
glycosylated form, and band C is a complex glycosylated form. The addition of complex
glycosylation patterns to core glycosylated proteins occurs in the Golgi. In AF508 expressing
cells, band C was absent, whereas band B was normally present (139,140). This was the first
indication that the AF508 mutation was a processing defect; the presence of band B indicated
that the protein is produced, whereas the absence of band C indicated that the protein is not
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properly processed to the Golgi. Subsequently, it was shown by immunocytochemistry that
AF508 CFTR is not localized at the plasma membrane but has a cytoplasmic (perinuclear)
localization (19,21,22,139,141).

It was shown that the processing defect is temperature sensitive; reducing ceil culture
temperatures for =2 days at <30°C resulted in the appearance of C-band CFTR on western
blot, and the appearance of cAMP stimulated CI permeability by whole cell patch clamping
(141,142). This finding was of some interest because it implied that AF508 CFTR expressing
celis contain potential CI' channel activity, and that CF therapy could be aimed at the
relocation of AF508 CFTR. Several other groups have shown AF508 CFIR expression on the
cell membrane; Sf9 insect cells (143) and Xenopus oocytes (80), systems that are traditionatly
cultured at low temperatures, express AES08 CFTR on their cell surface. AF508 CFTR was
also observed on the surface of vaccinia infected (vertebrate) Vero cells (144),

Expression of active AF508 CFTR on the cell membrane aliowed biophysical
characterization of the channel. AF508 CFTR appeared to have normal anion conductance and
selectivity (143,144) (PJF, unpublished observations). The channel can be activated by cAK
when reconstituted in lipid bilayers (143} and, in the cell-attached patch clamp configuration
by cAMP agonists (144) (PJF, unpublished observations) albeit with reduced cAMP
sensitivity i.e. requiring higher cAMP concentrations (80) (but see (145)). A 34 fold
reduction in channel Po was found in vertebrate cetls (142,144,145} but not in Sf9 insect
cells (143). A marked reduction in Po was also found in excised patches from NIH-3T3
fibroblasts expressing AF508 CFTR (PJF, unpublished observation). Except for the reduced
Po, ali other parameters were similar to wt CFTR (145). The reduced Po of AF508 CFTR
indicates that the AF508 mutation is not only a processing mutant, but also a class III mutant
with defective regulation. As was discussed before, the AF508 mutation lies with in a position
putatively involved in ATP hydrolysis (76), making it tempting to speculate that the reduced
Po is caused by a reduced ATP hydrolysis at NBDi. AF508 CFTR is not a class I mutant as
mRNA levels are normal (22,146).

1.5.2 Processing of wt and AF3508 CFIR: When it became clear that the most common
mutation in CFTR, AF508, is a processing mutant, several groups started studying the
process of CFTR maturation, Translation of CFTR mRNA into protein occurs in the
endoplasmic reticulum (ER), where the protein attaing its proper configuration. For complex
proteins like CFTR the folding process is aided by chaperones (for review see (147)). HSP70
(148) and calnexin (149) are chaperones with affinity for CFTR. Once the protein has attained
its proper folding configuration, the protein is transported to the Golgi. Surprisingly, only a
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small percentage (10-50%) of wt CFTR is transported to the Golgi (149-152), the remainder
is retained in the ER {as is all AF508 CFTR). The halflife for both wt and AF508 CFTR in
the ER is =0.5 hr (149,150,152). Improperly folded CFIR is degraded in non-lysosomal
(152) proteasomes (153,154} via the ubiquitin pathway (153). A small percentage of wt CEFTR
attains a stable, protease resistant form in the ER, which is assumed to be properly folded
CFTR primed for ransport to the Golgi (150,152). In the Golgi CFTR attains complex
glycosylation and is subsequently transported to the apical plasma membrane. In the plasma
membrane, the halflife for wt CFTR was reported to be 224 hr (155) and 7-8 hr (150) and <4
hr for AF508 CFTR (155). Mature CFTR is probably degraded in lysosomes (148).

One of the reasons that proteins are processed incorrectly is an aberrant folding
pattern. Incorrect folding due to the AF508 mutation was shown in experiments using a
synthetic peptide spanning the AF508 mutation, CFTRyg. In these studies, the AF508
mutation de-stabilized the secondary structure of the peptide, resulting in a loss of B-sheet
structure (156-158), Therefore, incorrect folding of AF508 CFTR may underlie the

processing defect.

1.5.3 Correcting the processing defect: Since it became clear that most CF patients have
potentially functional CFTR in their cells, strategies were aimed at correcting the
- mislocalization of CFTR. The process of CFTR protein folding and routing is a poorly
understood mechanism which requires further investigation (see the discussion chapter 2.3). It
was hypothesized that inhibition of CFTR degradation might result in a larger fraction of
mature wt CFTR and perhaps also AF508 CFTR. However, this approach did not result in
increased mature (band C) CFTR (153,154). Ubiquitinylation serves as a degradation signal
for proteins (159) and directs CFTR degradation (153) but the inhibition of CFTR
ubiquitinylation does not result in increased mature CFTR expression (153), suggesting that
the signal to retain CFTR in the ER lies either upstream or is different from the
ubiquitinylation pathway.

Few agents have been proposed to correct the processing defect. Firstly,
phenylbutyrate was shown to increase Cl” secretion as well as the fraction of band C in several
CF cell lines (160). The role of phenyibutyratre on the AF508 CFTR protein was based on the
assumption that a very low level of AF508 CFTR does reach the apical plasma membrane. A
general transcription activator like phenyibutyrate, might increase the total amount of protein
processed to the apical plasma membrane. Experiments in our laboratories failed to reproduce
these resulis (PYF, unpublished observations and HR de Jonge, unpublished observations).
Secondly, glycerol (10%) caused the appearance of 3-8% mature AES08 CFTR (wt~25%) and



Chapter 1 20

the appearance of a cAMP activated Cl' conductance in cell calture (161). Compounds which,
like glycerol, stabilize proteins against thermally induced aggregation are referred to as
chemical chaperones. Several of these compounds were reported to increase the amount of
mature AF508 CFTR e.g, deuteriated water, trimethylamino N-oxide (162) and DMSO (163).
Mutations in AF508 CFTR may revert the processing defect. These revertant mutations were
found in studies using chimeric proteins of CFITR NBED1 and yeast STE6, a member of the
ABC transporters involved in a-factor (a yeast mating factor) secretion {164). In yeast, several
NBDI1-STEG chimeric proteins appeared functional in a-factor secretion, whereas chimeric
proteins in which the AF508 mutation was introduced were not. Interestingly, the additional
mutants R553Q and R553M both were able to revert the phenotype caused by the AFS508
muiation. Introduction of these mutations in human AF508 CFIR increased the fraction of
mature CFTR (R553M) and/or restored channel Po to normal. Interestingly, a single patient
carrying an R553Q mutation in combination with a AES08 mutation on the same chromosome
(R553X on the other) was described. The patient exhibited a complex phenotype of a
borderline sweattest in combination with typical CF symptoms of gastrointestinal and
pulmonary disease (165). However, the R5353Q mutation is in itself a CF causing mutation
(166).

1.6 Functions of CFTR

In the mid-fourties, Cystic fibrosis was named "mucoviscidosis” i.e. thick mucus.
The function of a mucoid layer is to protect and lubricate epithelial cells (for an excelient
review on mucus and mucins see (167)), and there are several indications that the mucoid
layer is altered in CF. Alterations in mucin secretion or properties may reduce mucus
clearance and so cause obstruction of small ductular systems, These mucus plugs create a
shitable environment for bacterial growth in pulmonary epithelia. The thick mucus in CE
implies a physiological function for CFTR, be it either directly or due to secondary effects, in
the alteration of mucus properties. In this chapter possible physiological functions of CFTR
are discussed.

1.6.1 The role of CFIR in mucus synthesis: One of the first speculations on the basic defect in
CF was a defect in mucus metabolism. Indeed, mucus isolated from CF pulmonary epithelial
tissue showed increased sulfation (168-172), not observed by Gupta and coworkers (173), and
decreased (glycoprotein) sialylation {174,175). Several reports have shown altered intestinal
mucin composition in CF, i} increased fucosylation and decreased sialylation (in mucins
isolated from meconium, the first infants stool) (176}, ii) decreased sialylation and an
increased fucose/hexosamine ratio in mucins isolated from CF duodenal fluid (177), and iii)
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increased fucosylation without decreased sialylation (178). No increased fucosylation was
observed in CF bronchial mucus (179). Fucosylation, sialylation and sulfation appear to be
among the last steps in the biosynthesis of glycoproteins. Thus, in CF there may be a defect
in the terminal glycosylation of glycoproteins.

Changes in terminal glycosylation pattern of mucus glycoproteins as observed in CF
may alter the physical properties of mucus. Firstly, the cleavage of sialic acid from mucus
increases the elasticity of mucus (180), and reduces its viscosity (181). Secondly, decreased
sialylation may result in increased bacterial adhesion. The desialylated glycoproteins, asialo-
GM]1 and 2 and fucoasialo-GM1 are specific binding sites for many bacterial strains, whereas
the sialylated forms of GM1-3 are not (174,182,183). Decreased sialylation might therefore
result in increased bacterial adhesion to CF glycoproteins (184).

An interesting hypothesis has been postulated linking CFTR to alterations in mucin
glycosylation. The fucosyl-, sialyl- and sulfo- transferases are localized in the distal Golgi or
trans Golgi network and have distinct pH optima (for review see (185)). If CFTR is involved
in the acidification of the distal Golgi or trans Golgt network, one can imagine a different
pattern of terminal glycosylation in CF. For instance, a more basic environment would result
in increased fucosylation (pH optimum 7-8.5) and decreased sialylation (pH optimum 5.8).
Furthermore, fucosylation and sialylation are mutually exclusive processes (186).

The rationale of decreased acidification of endosomal and Golgi compartments in the
absence of CFTR is excellently reviewed by Al Awqati (185). The theory is based on the
requirement of & counterion to generate a significant ApH. In the absence of a counterion,
ApH is limited by the potential difference (PD) created by active proton pumping (fig. 1.4).
Chloride may serve as the counterion and, via CFTR, may passively follow the elecirical
gradient generated by the proton flux. The CFTR dependent acidification hypothesis requires
both the presence of CFTR in the Golgi and its involvement in the acidification process. Both
points are discussed below.

The presence of CFTR in the Golgi or frans Golgi network has not been demonstrated
directly. However de novo CFTR synthesis, derived from the ER, and the fusion of the trans
Golgt with (CFTR containing) vesicles derived from the endosomal pathway are two potential
sources of CFTR in the Golgi. The presence of CFTR has been demonsirated by
immunohistochemical analysis in clathrin coated vesicles (187) and early endosomes (188).
The functional presence of CFTR in endosomes can be monitored by the rate of
deacidification upon addition of a protonophore which is accelerated by CFFR dependent co-
efflux of CI counterions. With this assay, the functional expression of CFTR in endosomes
has been demonstrated (89,190}
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Although several groups have examined the role of CFIR in the process of
acidification, most studies have been confined to the study of vesicles of the endosomal
pathway, not measuring Golgi compartments. However, a direct relation between endosomal
acidification and reduced glycoprotein sialylation was shown in CHO mutants with
temperature-sensitive defective receptor-mediated endocytosis (191). A role for CFIR in
endosomal and early iysosomal acidification was suggested in studies using CF pulmonary
epithelial cells (175) and in Swiss 3T3 fibroblasts (190)°. Furthermore, it was found that
C127 cells, expressing CFTR, acidify when treated with cycloheximide, whereas AF508
expressors did not (192). As cellular acidification is a prerequisite for apoptotic DNA
cleavage, the investigators found that AF508 expressing celis are less primed to apoptotic
stimuli (192). In contrast to the studies listed above, other studies have failed to confirm a
role for CFTR in the acidification of both endosomal (189,193,194) and Golgi (193,194)
compartments. Thus, there is as yet no conclusive evidence for a role of CFTR in organelle

acidification.

pH=7.0 Vm=120 mV

pH=5.0 Vm=0mV

Figure 1.4: The role of a counterion in endosomal acidification. In
absence of a coutterion, proton pumping is limited by the generated
membrane potential.

' The experimenters compared endosomal acidification in CF nasal polyp cells with control
tracheal cells, hardly the idea! control.

* A decreased endosomal acidification was found in AF508 CFTR compared to wt CFTR
expressing Swiss 3T3 fibroblasts. Mock transfected cells showed an acidification not different
from wt CFTR transfectants, suggestive of a specific role of AF508 CFTR,
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Although there are some indications that CF mucins are altered, whether or not due to
defective trans-Golgi acidification, a summary of the published literature does not provide a
conclusive answer. A single key experiment still has to be performed in which CFTR is
transfected in CF epithelial celis, and nermalization of the terminal mucus glycosylation
pattern is observed. Presently the differences in terminal glycosylation of CF mucins can be
attributed equally well to genetic variability of patient material (most investigators use
epithelial cells isolated from very few patients, while variability between individuals is high
(195)). Also, an altered mucus expression pattern may be the result of the CF condition rather
than a cause of the disease.

1.6.2 Mucus secretion is increased in CF: Several investigators have found an increased
mucus secretion in CF pulmonary tissues (170,196), which could well explain the
characteristic CF feature of mucus plugging of airway and small ducts. Increased mucus
secretion may simply be explained as a celiuviar response to inflammation, but may also be the
result of an active (inhibitory) role of CFTR in the process of mucus secretion (197). This
contrasts the suggested stimulatory role for CFTR in this process in experiments which
showed an impaired B-adrenergic (cAMP) regulation of mucus secretion in CF submandibular
glands (198) and bronchi (179). Moreover, antibodies directed against CFTR inhijbited B-
adrenergic mucus secretion in normal rat submandibuiar glands (199}, In conclusion, several
experiments suggest a stimulatory role for CFIR in the secretion of mucus but they do not
explain the observed increase mucus secretion in CF tissues. Basal mucus secretion was
normal in human bronchial secretions (179) and in cell cultures of nasal polyps and turbinate
(171). Therefore basal mucus secretion does not depend on CEFTR expression.

It remains puzzling how CFIR can be involved in mucus secretion in all tissues as
there is little or no CFTR expression in mucus producing celis of pulmonary tissue and in the
digestive tract. Le. in lung, CFTR is mainly detected in the serous, not mucous, cells of
submucosal glands (22,39), However, in the small intestine a candidate-CFTR protein was
detected in mucus goblet cells (200). Perhaps the amount of CFTR required to regulate mucus
secretion is low and below immunohistochemical detection limits, Alternatively, the role of
CFTR may be, by inducing CI' (and water) secretion, to create a suitable environment for
muycus secretion, as was shown in Xepopus subepidermal glands (201). In this case, CFTR
expression and mucus secretion need not be colocalized within the same cell type.

1.6.3 The role of CFIR in fluid and electrolyte transport:
1.6.3.1 Altered fluid and electrolyte resorption. A model for active epithelial NaCl uptake is
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shown in fig. 1.5A. In this model, Na* is transported against its electrochemical gradient
from the mucosal to the serosal side via an apical amiloride sensitive Na* channel and
basolateral Na*/K* pumping. CFTR dependent CI' transport accompanies the Na* flux
passively. In CF, a redoced CI' permeability will impair Na* uptake as the sum of the net
transported charge should be zero (Kirchhoff's law) as depicted in figure 1.5B. This was
shown more than a decade ago in sweat duct epithelivm where a ClI” impermeability actoaily
reduces NaCl uptake. As a consequence, sweat NaCl concentrations are elevated in CF (202).

In CF upper airway surface fluid the luminal NaCl concentrations are elevated
(203,204), like in the sweat of CF patients. This suggests that, according to our model (fig
1.5A) normal airway epithelia absorb salt from the surface fluid whereas the CI
impermeability in CF impairs the NaCl uptake ({fig 1.5B). As a result, CF airway surface
fluid NaCl concentrations are increased. The increased osmoiality in airway surface fluid not
only influences the viscoelasticity and charge of mucins which changes dramatically when the
salt concentration in- or decreases (180,181,205), but also reduces the effectivity of epithelia
to kill bacteria (206).

In fluid absorptive epithelia, isotonic fluid transport is dictated by the active transport
of ions. Both salt absorptive and fluid absorptive epithelia may utilize similar transporters, but
they differ in their ability to generate an osmotic gradient. The H,O arrow in fig. 1.5A can be
applied to fluid absorptive epithelia. The model predicts that CF epithelia, because of reduced
NaCl uptake, show reduced fluid absorption (fig. 1.5B).

1.6.3.2 Altered fiuid and electrolyte secretion. There have been several studies showing
impaired fluid secretion in CF epithelia, For example, pancreatic (207-209) and pulmonary
(210,211) (see also chapter 3.3) epithelia show reduced cAMP induced fiuid secretion in CF.
CFTR dependent ¢cAMP induced fluid secretion was also reduced in ADPKD (autosomal
dominant polycystic kidney disease} cyst epitheliai cells (212). In addition, CF mouse
gallbladder (213) and jejunum (PJF, unpublished observations) do not secrete fluid in
response to forskolin, a {cAMP), elevating agent. Finally, CF-/- mice intestine do not secrete
fluid in response to cholera toxin (214). There is evidence that CFTR itself may conduct H,O
(215). In the absence of epithelial fluid secretion, the protective mucus layer is not sufficiently
hydrated. Dehydrated mucus is viscid and difficult to clear, and the change in rheogenic
properties may explain the mucus plugging and subsequent inflammation of smail ducts in
CF.

In fluid transporting epithelia like gallbladder and renal proximal tubule, isotonic fluid
transport is directed by the active transport of ions. A model for active epithelial electrolyte,
and thus fluid, secretion is presented in figure 1.5C. Apical CFTR dependent Cl secretion is
followed by cations either trans (K*) or paraceliular (Na*). Basolateral Cl' pumping is
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mediated via the bumethanide sensitive Na*/K*/CI' transporter and cellular ion-gradients are
maintained by the basolateral Na*/K* ATPase. In the absence of apical CFTR CI' channels,
the model predicts reduced fluid and electrolyte secretion, shown in figure 1.5D.

1.6.3.3 the pH. CF pancreas exhibits reduced Ck and HCO; secretion (209). CFTR itself
may conduct HCO;, and thus can influence luminal pH (216). The pH can influence the
viscoetastic properties of mucus (205). However, there are no reports on altered luminal pH
in CF pulmonary epithelium.

K*\ N

o \ > HO
Figure 1.5: Models for flnid and elecirolyte transport across epithelia. A) absorptive model: Na* is
actively transported 1o the serosa by apical amiloride sensitive Na* channels and busolateral Na*/K*
pumping. Ct passively follows the cation flow. B} in absence of apical chloride conductance (CFIR),

Na* (and thus fluid) uptake is limited by the created electrical potential. C) secretory model: opening

of apical CFTR CY channels induces CU efftux followed by cither transcellular K* or paracellular
Na* or both. In abseice of CFTR (D) both cation and fluid flixes are reduced in CF.
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1.6.4 The role of CFIR in pathogen affinity, internalization and killing: Recurrent pulmonary
infections, a characteristic clinical manifestation of CF, may be caused by a reduced clearance
of bacteria. A reduced bacterial clearance in CF epithelia can be caused by an increased
bacterial adhesion due to the altered terminal glycosylation pattern of CF mucus (see chapter
1.6.1). Indeed, an increased Pseudomionas aeruginosa adhesion to CF cells was found (217).
Increased P. aeruginosa binding was also found in CFPAC (CF pancreatic duct cells,
homozygous for the AF508 mutation) and IB3 (CF bronchial cells, heterozygous
AF508/W1282X) cells compared to the same cell lines transfected with wt CFTR (184). P.
aertiginosa may not be the only bacteria displaying increased adhesion to CF epithelia,
Staphylococcus aurens and P, aeruginosa compete for the same binding sites (184). In
addition to increased P. aeruginosa adhesion, there may also be decreased P. aeruginosa
internalization in CF (218), with the first predicted extraceliular domain of CFTR acting as a
P. aeruginosa receptor (218). Bacterial internalization may play a role in the host defence
mechanism. Finally CF epithelia may have a reduced effectivity to kill bacteria (206)
(discussed in chapter 1.6.3).

1.6.5 The role of CFIR in endo- and exocytosis: Bradbury and coworkers have found a CFTR
regulated inhibition of endocytosis and a stimulated exocytosis in CFPAC cells, upon
complementation with wt CFTR (219). In contrast, cAMP stimulation in T84 cells did not
induce increased apical CFTR expression {20,220). However, human nasal polyp cells did
show increased CFTR expression upon forskolin stimulation (221). Absence of CFTR
regulated endo- and exocytosis can contribute to CF disease pathogenesis as cAMP regulated
processes, i.e. fluid and electrolyte secretion, may be amplified by increased apical expression
of proteins involved in this process.

1.6.6 Summary: In this part of the thesis several hypotheses have been discussed which
associate a defect in an epithelial CI' channel to the devastating disease pathology of CF.
Apparently muitiple causes may underlie the clinical manifestations of CF, as CF epithelia
may have i) an increased pathogen affinity (chapter 1.6.4) ii) increased mucus secretion
(chapter 1.6.2) iii} a reduced mucus clearance {due to altered viscoelastic properties, chapter
1.6.1 and 1.6.3) and, iv) a reduced pathogen killing {chapter 1.6.3). The combination of these
result in an environment favorable for bacterial growth and mucus plugging of smail ducts.
1.7 Mouse models for CF:

Mouse models for CF can be relevant for understanding the pathogenesis of CF and
the basic physiological function of CETR. They may aiso be used to aid research aimed at the
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development for new strategies leading to a cure for CF. Upon the cloning of the gene
encoding human CFTR (4-6) and the subsequent isolation of the mouse homologue (222), it
was possible to generate mouse models for CE. To date, most CF mouse models have been
generated for CFTR class T mutations {for CFTR mmtation classification see figure 1.3) which
contain a premature stopcodon in exon 2 (223), exon 3 (224) or exon 10 (225-227). In
addition, several mouse models have been generated for the most common CFTR mutations
like (class II) AF508 (228-230) and (class HI) G551D (231).

Knockout CF mouse models (223-227,232) display a phenotype very similar to human
CF patients. The only knockout mouse model for CF not displaying obvious discase
symptoms was created by an insertion vector, resulting in a duplication of exon 10. The
inserted exon 10 contains a premature stop (226). Due to alternative splicing, the mutant exon
can be skipped and, as a resuit, some ~10% wt Cftr mRNA is generated (233). Apparently
this is sufficient to prevent most of the obvious disease symptoms.

Cfir knockout animals display a general failure to thrive, amounting to 10-50%
reduced weight compared to wi animals (223-225,232). The mice show increased lethality,
especially in the first weeks of life, with only 5-10% of the animals surviving into aduithood
{223-225,232). Increased mortality is most likely caused by intestinal obstruction of the ileum
and subsequent peritonitis. Intestinal crypts are dilated and filled with eosinophilic material
{224,225,232). A wormlike caecum was observed (225). Other organs of the gastrointestinal
tract are not as severely affected as the intestine, but do show some signs of pathology.
Gallbladders may be filled with black bile in some animals, several others may show a
distended or even ruptured gatlbladder (225). Variable disease symptoms have been observed
in the pancreas, varying from 2 dilation and block or accumulation of eosinophilic material in
several small ducts of ~50% of all CF animals (225,232), to mild infection of the main
pancreatic duct (224}. There have been no obvious signs of liver disease (223,224)

in contrast to male human CF patients, male CF mice are fertile (223-225). However,
females are reporied to be sterile (223). Several glandular siructures have aberrant
morphology in CF mice, i) acinar dilation of the lacrimal gland (232) ii) atrophy of serous
glands and nose dorsolateral sinuses (225), iii) disruption of serous acini in salivary glands
(225) (also reported to be normal (224)), iv) dilation and accumulation of eosinophilic
secretions in the Brunner's glands (the submucosal mucoid secreting glands in the proximal
part of the duodenumy) (225), reported to be normal by others (224), v) dilation of acini and
accurmulation of eosinophilic material of the minor sublingual glands (224).

Perhaps the most striking difference between human CF patients and CF mouse
models is the absence of lung disease in the CF mouse (223,224,232). There may be several



Chapter 1 28

explanations for this. Firstly, the mouse respiratory tract almost completely lacks submucosal
glands (234). Mucus plugging of the submucosal glands are among the first signs of
pulmonary disease in CF in human newborns (1), If the submucosal glands are the site of
respiratory pathogenesis, their virtual absence in mice may provide an explanation for the
absence of lung disease. Secondly, absence of lung disease in CF mice may also be explained
by the presence of a large Ca’* activated CI current in mouse pulmonary epithelium
compensating for Cftr (235), as was also recently suggested for the mouse intestine (236).
Thirdly, it may be that CF mice simply do not have long enough life span for lung disease to
develop. Finalty, keeping mice under pathogen free conditions (SPF) limits pathogen
exposure and infection. There is evidence that when CF mice with residual Cfir activity are
challenged with pathogens (S. aureus and P. cepacia) they do develop lung disease (237).

Electrophysiological measurements were performed to confirm the knockout of the
Cftr gene. Ussing chamber experiments all consistently showed in several parts of the
intestine, an absence (or reduction) of a cAMP activated CI' conductance in homozygous -/-
knockout mice (223,224,226,232,238,239). Cultured Cffr -/- mouse nasal and tracheal
epithelium also did not exhibit a cAMP activated Cl' conductance (238). In nasal epithelium in
vivo, an increased basal PD was observed (226,239), or no response to forskolin in cultured
nasal (and tracheal) epithelium (238). These observations are consistent with an absence of a
CFTR dependent CI" conductance in these tissues.

Mouse models generated with a specific point mutation (228-231} (se¢ also chapters
3.5 and 3.6) generally show a similar disease pathology and electrophysiology, although the
phenotype is less severe than in knockout mice. Mice have a failure to thrive (228-231) and
most groups have reported an increased mortality due to intestinal obstruction (229-231). It is
important to note that most mouse models for CFTR mutations have been generated by a
procedure leaving an intronic selection marker to reside within the Cftr gene. Through the
generation of antisense mRNA by the selection marker, the expression of the desired gene
may be reduced. Alternatively, the selection marker may interfere with transcription of the
Cftr gene or the efficiency of Cftr protein processing. Reduced Cfir mRNA levels have been
found in all mutant mouse models thus created (229-231), but not in a mouse model for the
AF508 mutation with an undisrupted intronic sequence (228,240), Thus, except for the mouse
model generated in our lab (228), most CF mouse models reflect a combination of the
mutation (AF508 class II, or G551D class 1T} with reduced mRNA (and protein) expression
(class I).

Importantly, the AF508 mutation in mouse Cftr results in a temperature sensitive
processing defect (230,240), quite like human AF508 CFTR (cf (142)). These mice therefore
are excellent models for human AF508 CEFTR and may facilitate studies on the processing of
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CFTR (see also the summary and discussion chapter 2), It has not yet been shown that mouse
G551D Cfir, like human G551D CFTR, is a class I§ muiation. Human G551D CFTR
exhibits severe defective channel regulation with a reduced Po.

1.8 Scope of the thesis

Although it is widely accepted that CFTR encodes a cAMP regulated chioride
channel, it is not clear how the absence of CFTR on the apical membrane relates to the
disease symptoms of CE. One of the main characteristics in CF pathogenesis is mucus
obstruction of small airways and several ducts and several hypotheses have been postulated to
explain the mucus obstruction in relation to CFTR (discussed in chapter 1.7). A detailed
examination of CFTR regulation and the physiological functions of CFTR may help to further
understand the process of CF disease pathogenesis, and so aid the development of a therapy
for CF. Therefore, mechanisms of CFTR activation (chapter 3.1 and 3.2) and physiological
functions of CFTR (chapter 3.3 and 3.4) have been investigated and are described in this
thesis, discussed below in more detail. An alternative approach towards a therapy for CF is
aimed at the relocation of AF508 CFTR to the apical plasma membrane. An important step to
tacititate research in this direction is the development of 2 mouse model for the human AF508
CFTR mutation. The generation and characterization of a AF508-CFTR mouse mode! is
described in chapters 3.5 and 3.6.

Regulation of CFIR activity: The 'classical' way to open CFTR is via activation of cAMP
dependent protein kinase (cAK) in the presence of ATP. The role of other protein kinases
have not yet been fully elucidated, but other regulatory mechanisms are likely to be present,
For instance, CFTR appears to be constituitively open in human upper airways (nasai
epithelia). A role for ¢cGMP in the regulation of CFTR became apparent from the absence of a
¢GMP induced chloride secretion across CF intestinai epithelia. One of the pathways which
may link ¢cGMP to CFTR activation is via the activation cGMP dependent protein kinases
(cGK's). Therefore, in chapter 3.1, we studied the role of ¢cGK's in the activation of CFTR.
This mode of regulation is of particular importance in intestinal physiology and in the
pathogenesis of diarrheal disease,

Apart from regulation of CFTR activity by the serine/threonine protein kinases cAK
and cGKII, several groups have studied the involvement of tyrosine kinases in the regulation
of CFTR. Indeed, genistein, a tyrosine kinase inhibitor, could activate CFTR in a variety of
cell systems, and induce or enhance a CFTR dependent chloride secretion across intact
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epithelia {discussed in chapter 1.5.3). Although genistein is a tyrosine kinase inhibitor,
genistein has a variety of other effects which can not be attributed to tyrosine kinase
inhibition. Therefore, the mechanism of the genistein induced CFTR activation remained to
be elucidated, and was investigated in chapter 3.2 of this thesis. Qur finding that genistein
interacts directly with the channel, and acts as an opener of both wt and AF508 CFTR
chioride channels offers perspectives for pharmacotherapy for CF.

Functions of CFIR: In chapters 3.3 and 3.4, we aimed to further understand the physiological
role of CFTR in epithelia. First, we tested the hypothesis that in CF thick and sticky mucus
{mucoviscidose) is caused by defective mucus hydration, implying a role for CFIR in the
transepithelial transport of fluid (chapter 3.3). Second, we examined whether CF tissues show
increased mucus secretion, or whether mucus secretion is dependent on CFTR activation

(chapter 3.4).



31 Swrnmary and Discussion

2 Summary and Discussion

Cystic Fibrosis (CF) is the most common lethal genetic disease in the caucasian
poputation affecting = 1 in 2500 newborns (1). The disease is caused by mutations in the gene
encoding the Cystic Fibrosis Transmembrane Conductance Regulator, CFTR (5,6), a small
(8-10 pS) ATP and cAMP regulated chloride channel which is expressed in the apical
membrane of many epithelia (13-16). The most common mutation in CFTR is a deletion of a
phenylatanine at position 508, AF508 (6). This deletion prevenis processing of AF508 CFTR
{0 its mature form. Instead, it is retained and degraded in the endoplasmic reticulum
(152-154).

Although it has been established that CFTR is a cAMP regulated Cl channel, it is not
clear how a defective epithelial CI” channgl refates to the pathology of CF. In this thesis we
have tried to gain more insight in the role of CFTR in epithelia by studying the regulation
(chapters 3.1 and 3.2) and physiological functions {(chapter 3.3 and 3.4) of CFTR. In
addition, we describe a mouse model carrying the AF508 CFTR mutation which we created
and subsequently characterized in our laboratory (chapters 3.5 and 3.6). This AF508 mouse
model may help to develop new pharmaceutical strategies based on relieving the processing
defect.

2.1 Regulation of CFTR: The 'classical’ way to open CFTR chloride channels operates via the
activation of cAMP dependent protein kinase (cAK) and multisite phosphorylation of the
CFTR protein in the presence of ATP {72), but other regulatory mechanisms are also likely to
be present. In chapter 3.1 and 3.2 of this thesis, we have investigated two alternative
regulatory pathways in the activation of CFTR.

In intestinal epithelia, accumulation of the second messenger cyclic GMP (cGMF)
causes fluid and electrolyte secretion through the activation of apical chloride channels. This
response is absent in CF tissues, indicating a role for CFTR in this pathway. Several
mechanisms have been proposed to link cGMP to CFTR activation, one of which is a direct
activation of CFTR by cGMP dependent kinases {(¢GK's). To date, two isoforms of cGMP
dependent kinases have been characterized, ¢GKI and ¢GKI. ¢GKI is expressed in many
tissues and is mainly localized in the cytosol whereas ¢cGKI has a more restricted expression
pattern (brain, intestine) and is membrane bound. In the excised patch we have shown that
¢GKII but not ¢GKI, was able to activate CFTR in cell lines stably transfected with CFTR
(Chapter 3.1). A direct interaction between cGMP dependent kinases and CFTR was shown
by in vitro phosphorylation studies. Although both kinases appear to phosphorylate CFTR in
vitro, in intact cells, the differential subcellular distribution of the kinases are likely to be the
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cause of the difference in the ability to activate CFTR (241).

A mode} proposed to explain the cGMP induced fluid and electrolyte secretion across
intestinal epithelia is shown in fig. 2.1 (96), Membrane bound guanylyl cyclase-C (GC-C) is
activated by guanylin or heat stable enterotoxin of E. coli (8Ta). The increase in [cGMP},
generated by GC-C, activates ¢GKII resulting in phosphorylation and activation of CFTR. We
have confirmed this mode! by directly measuring in vivo fluid secretion in the mouse jejunum,
STa was able to induce fluid secretion in normal mice, but failed to act as a secretagogue in
CFTR -/- knockout mice (241a).

Intestinal mucosa
STa

Guanylin CI* secretion
GC-C
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E tomed fumen
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Figure 2.1 Model depicting the molecular mechanism by which heat-stable enterotoxin (STe} or
guanylin is able to provoke intestinal chloride secretion. cGMP accumulation, wpon stimulation of
guanylyl cyclase-C (GC-C), activates cGMP dependent protein kinase I, and subsequently CFTR. The
resiltant is an efffux of CI- followed isoosmotically by H,O.

Recently, several grotps have shown cAMP independent activation of CFIR by the
tyrosine kinase inhibitor genistein (110-112). In chapter 3.2 we have investigated the
mechanism of this activation. We show that, in the excised patch, genistein, in the absence of
protein kinases, is unable to activate CFTR, but genistein can further increase (hyperactivate)
preactivated CFTR via an increase in the channcl open probability. Hyperactivation appeared
independent of protein phosphatases, and was not due to the inhibition of a tyrosine kinase.
Instead, we propose that genistein hyperactivates CFTR by a direct interaction with CFTR,
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possibly at NBD2, This hypothesis is supported by the following evidence i) genistein binds
to the ATP domain of tyrosine kinases (108), but also has affinity for other nucleotide binding
domains {242}, ii) mutations or pharmacological agents that interfere with the hydrolysis of
ATP at the second nucleotide binding domain of CFTR, like genistein, increase channel burst
duration. Interestingly, genistein not only hyperactivates wt CFTR but also CFTR mutants
(AF508) when expressed on the plasma membrane (P.J. French and HR de Jonge,
unpublished observations). Hyperactivation of mutant CFTR may be of importance for the
treatment of CF patients with residual CFTR activity. Therefore, our next step wilt be to
screen rectal biopsies of CF patients that exhibit a residual CFTR CI secretion in the Ussing
chamber (23) for potentiating effects of genistein. If genistein enhances the CFTR dependent
CI' secretion in these patients, it may be considered to be used as a therapeutic agent. As
genistein is present in soy food, and as blood concentration may approach the level required
for CFTR activation in intact epithelial cells (110,112,113,243), simply a dictary supplement
could prove beneficial to patients with residual CFTR activity. The efficacy of a soy based
diet suppiementation can be studied in our AF508 CFTR mouse model which exhibits residual
CFTR activity (228,240). The measurement of the potential difference across nasal epithelium
can be used to monitor increases in chloride permeability,

2.2 Functions of CFIR: It is still an unresolved and intriguing problem how to relate the
absence of a cAMP regulated chloride channel to the disease symptoms of CF. In chapter 3.4
we have attempted to address this question by studying the relation between CFTR and mucus
secretion, An increased mucus secretion in CF pulmonary tissue has been found by several
groups (170,244), indicating a possible function for CFTR in this process. Such an increase
may lead to the mucus plugging of small conductive airways (if the production rate exceeds
the clearance rate), creating a suitable environment for bacterial growth, Alternatively, a
stimulatory effect of CFTR on mucus secretion was suggested from experiments showing an
impaired cAMP dependent mucus secretion in CF (179,198). In this case, the impaired mucus
secretion may result in the accumulation of mucus in goblet cells and, when these Iyse, mucus
is released into the lumen. This aberrantly secreted mucus may be insufficiently hydrated or
buffered, and cause obstruction due to changes in the rheological properties. A provocative
hypothesis relates defective mucus secretion in CF to the presumed intracellular role of CFTR
in endo and exocytosis {219,221}, endosome fusion {245) or endosomal acidification (175).
We tested the role of CFIR in mucin secretion by investigating whether CFTR modulates
mucin secretion in primary cultures of murine galibladder epithelium. Apparently, CF tissues
do not exhibit increased mucin secretion, nor is mucin secretion stimulated by agonists which
activate CFTR in wt cells. We conclude that CFTR does not modulate mucin secretion in



Chapter 2 34

mouse gallbladder epithelium,

Several groups have reported an abnormal .structure of mucus in CF
(168-172,174-178). An abnormal mucus structure alters the physical properties of mucus
{180,181) which may impair mucus clearance and so cause mucus plugging of small
conductive airways and ducts. In addition, the aliered mucus structure in CF may enhance
bacterial adhesion (182). In the CF mousec galibladder, our preliminary data show an
abnormal mucus composition, evidenced by a reduced periodate activated staining of mucus
(B.J. Scholte, unpublished observations). Since periodate reacts with free hydroxy! groups, it
foliows that CF mucus exhibit reduced amounts of free hydroxyl groups, possibly due to an
increased mucus sulfation, This remains to be investigated.

Mucus obstruction in CF may alse be caused by a defective mucus hydration.
Improper hydration of the muceid gel layer alters its viscoelastic properties, resulting in
reduced pulmonary clearance of mucus and attached pathogens. As fluid transport is
secondary tc active ion transport, and as CFTR is a chloride channel, defective chloride
permeability could result in defective fluid transport. Furthermore, CFTR is mainly expressed
in tissues involved in salt and water transport. We tested this hypethesis by directly measuring
fluid transport across intact murine trachea (chapter 3.3), gallbladder (213) and jejunum (PJF,
unpublished observations), In the frachea, we did not observe differences in the amounts of
fluid transported between normal and CF -/- mice. This can be atiributed to the low
expression of CFTR in this tissue, and the high expression of other (perhaps compensatory)
chloride channels. In fact, we could not detect CFTR electophysiologically in the murine
trachea. In contrast, tissues with a high expression of CFTR, do exhibit CFTR dependent
fluid secretion. Both murine wt gallbladder (213) and smal! intestine (214} (PJF, unpublished
observations) secrete fluid in response to cAMP stimulation. This response is absent in CF -/-
mice, implying a role for CFTR in fluid secretion. Under fiuid secretory conditions, like in
mouse gallbladder and jejunum, apicai CI' secretion is likely to be directed by the basolateral
Na*/K*/CI' cotransporter (fig. 1.5C). The cotransporter, using the Na* gradient, increases
the cellular CI” concentration and so creates an outward driving force for Ci'. Cations, either
transcellular K* or paracellular Na*, passively follow the apical anion secretion (see also fig.
1.5C).

Fluid secretion was also studied in a AF508 CFTR mouse model with residual CFTR
channel activity (228). The residual CFTR activity completely failed to induce CFTR
dependent fluid secretion in both gallbiadder (R.H.P.C. Peters, unpublished observations) and
jejunum (PJF, unpublished observations), within the limits of our detection assay. As the
AF508 CFTR mouse model has a mild phenotype compared to most knockout strains, there
apparently is no simple correlation between defective fluid secretion and CF pathology. Thus,
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absence of significant amounts of fluid secretion is not the only determinant of disease
pathogenesis. A residual physiological function of CFTR other than fluid secretion could
explain the mild phenotype of our mouse model, What functions of CFTR are important for
the onset of the disease remains as yet unresolved. The mild phenotype may also be explained
by the genetic background of the mouse strain (81) or breeding conditions, or by the
assumption that a very low level of fluid secretion (below the threshold of our assay) is
sufficient to prevent pathology.

In summary, several hypothesis have been proposed which link CFTR to the
accumulation and obstruction of mucus. The various presumed physiological functions of
CFTR have been combined in a model recently proposed by J. Bijman. This model is based
on the requirement of a counterion for cation dependent transport systems. In the absence of a
counterion, cation transport down its chemical gradient is limited by the electrical gradient
that it creates. As different cell types may require CI counterions for the functioning of a
multitude of transporters, this may explain the wide variety of CF related disease symptoms.
For example, CF used as a counterion for H*, is required for endosome acidification (185),
see also fig [.4. CFIR dependent Cl° permeability is required for NaCl and fluid uptake in
both sweat duct and the respiratory tract (CI is used as a counterion for Na*) see also figure
1.5A and B. The theory predicts that Na* and fluid absorption is decreased in CF airways,
contradictory to what has been suggested before based on short eircuit measurements in the
Ussing chamber (246), CI" used as a counterion for Na* coupled transport systems may be
required for intestinal nutrient uptake. For instance, the Na*/glucose cotransporter was
reported to be increased in short circuit current measurements of CF intestine mounted in
Ussing chamber (247), quite like Na* uptake in airways. Non epithelial cell types, like
cardiomyocytes and lymphocytes, may require CFTR expression to provide counterions for
their specific transport systems. In summary, the hypothesis states that CF is not simply
caused by a defect in one specific transport function of CFTR, but by a multitude of cetlular
transport functions; CF is caused by a general Cl' impermeability associated with the active
{ransport of cations.

If the theory also applies to intestinal epithelium, it predicts a reduction in the uptake
of glucose and/or amino acids across CF intestine, This can be studied in CF mouse models
either in vivo, or in vifro using radiolabelled ligands. In pulmonary epithelia, the model can
be verified by studying fluid absorption across cultured pulmonary epithelium as described
(210,211), Much of our present knowledge of CFTR functioning stems from short circuit
current measurements (Isc) of tissue mounted in the Ussing chamber, however, the Isc
measurements are not suitable to verify a possible defect in Na' coupled nutrient uptake in
CF because they only reflect the active transport of Na™ ions and not of passively diffusing
ions like the CI' counterion (136).
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2.3 Characterization of a mouse model for the AF508 CFIR mutation: The most common
mutation in CFTR found in ~70% of all CF alleles, is a deletion of a phenylalanine at position
508, AF508 (6). This mutation affects correct processing to the apical plasma membrane
causing accumulation and degradation of the mutant protein in the endoplasmic reticulum
{19,21,22,139-141,149,150,152). Interestingly, AF508 CFTR can be functional as a CFTR-
like chloride channel when expressed on the apical membrane (80,141-143). Correction of the
processing defect therefore is an interesting area for new therapeutic strategies.

In chapter 3.5 we describe the generation and characterization of a mouse model
homozygous for the AF508 mutation, We show that this mouse mode] has a CF phenotype,
but not as severe as the previously published KO mouse models (223-225,227,232). The mild
phenotype of our mouse mode] can be explained by a residual chloride secretion observed in
pulmonary (nasat), intestinal (jejunum, ileum, and caecurs), and gallbladder epithelium. In a
more detailed characterization (chapter 3.6), we show that mouse AF508 Cftr, like human
AF508 CFTR, is misprocessed. Moreover, this processing defect is temperature sensitive. A
small amount of AF508 Cfir appears to escape the processing defect which explains the
residual ¢cAMP induced chloride secretion observed in Ussing chamber experiments. The
channel characteristics of wt and AFS08 Cfir are identical. We conclude that the AF508 Cfir
mouse model is an exceilent model for the human AF508 CFTR mutation.

Two other groups have also generated mouse models for the AF508 mutation
{229,230). In contrast to the AF508 mouse model described in this thesis, these mice were
generated by a procedure leaving an intronic selection marker to reside within the mouse Cfir
gene. Interestingly, these AF508 mouse models have a much more severe CF phenotype in
comparison to our AF508 mouse model (229,230). The severe phenotype appears to be due to
a reduced expression of AF508 (fir mRNA, which is not found in our mouse model (chapter
3.6). The presence of an intronic selection marker is a likely cause of reduced AF508-Cfir
mRNA expression. Therefore, the mouse models which have an intronic selection marker do
not reflect true processing mutants because they combine reduced CFTR mRNA expression
(class I mutant) with a processing defect (class If mutant).

The AF508 Cftr mouse model may find application, as in vivo model to test new
pharmacological approaches aimed at circumventing or correcting the processing defect. For
example, phenylbutyrate was reported to increase the amount of AF508 CFTR band C in
cultured cells measured by western blot analysis (160). However, in our experiments, the use
of phenylbutyrate did not increase the amount of AFS508-Citr expression on the
plasmamembrane of cultured mouse gallbladder epithelia (PIF, unpublished observations).
Clearly, further in vivo studies in the AF508 Cfir mouse model are required to verify its
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potential effect.

Future studies should alse focus on the basic mechanisms of protein processing and
folding. It may prove worthwhile io follow processing of AF508 CFTR in cells
overexpressing specific chaperones. A AF508 mutation in mouse Cfir results in a partial
processing defect (Chapter 3.5 and 3.6), whereas this mutation generatly causes a complete
processing defect in human cells. Minor differences in mouse Cftr or processing machinery
may explain the "leaky" processing of AF508 Cftr in the mouse. Cross-species transfection
experiments could discriminate between the two, and can pinpoint the subtle but
pathophysiologically important differences. Also, mouse models exhibiting residual CFTR
activity may to help establish the amount of CFTR required for disease prevention. This is of
crucial importance for gene transfer studies.

It is interesting to note that all processing mutations (except N1303K) can be found
within a refatively small area of CFTR, comprising the amino acids 455-574 (A455E,
K464M, AIS07, AF508, F508R, S540L/R, AS59T, D572N, P574H and N1303K
(139,140,248)), although a recent report suggests that mutations in other parts of CFTR may
also cause processing defects (249). This stretch aimost completely covers the first NBD of
CFTR, It would be interesting to study the importance of this stretch in the processing of
CFTR. Several basic questions remain to be answered, for example, do chaperonins bind to
the stretch and is its topology within CFTR important. Our basic understanding of the folding
and processing of proteins may be greatly enhanced by studying proteins, like CFIR in which
a single point mutation causes a complete block in protein processing.
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Abbreviations:

Br-t (-) -P- bromotetramisole

cAK cAMP dependent protein kinase

L cAMP dependent protein kinase, catalytic subunit
CF Cystic Fibrosis

CFTR Cystic Fibrosis Transmembrane Conductance Regulator
CF2 CFTRy5435

¢GK c¢GMP dependent protein Kinase

DMSO dimethy! suifoxide

ER endoplasmic reticulum

GM ganglioside

IBMX 3-isobutyl I-methyl xanthine

NBD nucleotide binding domain

PDBu 4f-phorbol 12,13-dibutyrate

PKC Ca** and phospholipid dependent protein kinase
PMA phorbol myristate acetate

Po open probability

™ transmembrane domain

wt wild type

Single letter amino acid code:
Acala; Cieys; Duasp; E:glo; Fiphe; G:gly; H:his; Iiile; K:lys; L:leu; M:met; N:asn; P:pro;
Q:gln; Rearg; S:ser; Tithr; Vival; Witrp; Yityr
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Samenvatting

Cystische Fibrose (CF) is een veel voorkomende erfelijke ziekte in de westerse
samenleving, De ziekte wordt voornamelijk gekenmerkt door recidiverende pulmonaire
infecties welke de belangrijkste oorzaak vormen voor het vroegiijdig overlijden van CF
patienten. De gehele europese gemeenschap telt ongeveer 25000 CF patienten waarvan zo'n
1000 in Nederland. Hoewel de gemiddelde leeftijd van CF patienten de laatste decenia flink is
toegenomen tot circa 29 jaar blijft CF een zeer ernstige aandoening met een slechte prognose
waarvoor tot op heden een effectieve therapie ontbreckt. Aangezien CF een erfelijke ziekte is,
zal er bij deze patienten een verandering zijn opgetreden in het DNA, de drager van ons erfelijk
materiaal, Het gen! wat gemuteerd is in CF patienten is, na intensief onderzoek, ontdekt in
1989. Het gen bieck te coderen voor CFTR (Cystic Fibrosis Transmembrane Conductance
Regulator), een membraan-geassocieerd eiwit dat functioneert als een chloride kanaai2. Dit
kanaal komt bij CF patienten niet, of niet actief, tot expressie op de celmembraan. Momenteel is
het nog niet duidelijk waarom de afwezigheid van een chloride kanaal kan leiden tot CE, Om dit
te verklaren is een gedetailleerd onderzock nodig naar de regulatie en fysiologische functie van
het CFTR eiwit. Een beter inzicht in het CFTR eiwit kan nieuwe perspectieven bieden in de
ontwikkeling van een therapie voor CF,

Eén van de manieren om het CFTR-chloride kanaal te openen (te activeren) is door op
specieficke plaatsen in het CFTR eiwit een fosfaatgroep te incorporeren. De incorporatie van
deze fosfaatgroepen (fosforylering) wordt gemedicerd door zogenaamde proteine kinasen,
waarvan er vele soorten in de cel aanwezig zijn. Bén van deze proteine kinasen is ¢cGKII
{cyclisch GMP afhankelijke proteine kinase type ). In hoofdstuk 3.1 wordt beschreven dat
c¢GKII het CFTR eiwit zowel kan fosforyleren als activeren. Activering van CFTR door ¢cGKII
resulteert in een efflux van chloride uit de cel welke gevolgd wordt door een efflux van
kationen (natrium of kaltum) en water. De rol van CFTR bij zout en water secretie in de darm
betekent dat CFTR ook een rol speel bij secretoire diarree (cholera)

IDNAs opgebouwd uit de bouwstenen C, G, A en T, Het menselijke DNA bestaat uit zo'n 2 miljard van deze

basen. De volgorde van de basen vormt de blauwdruk voor in totaal ongeveer 80000 eiwitien. Elk stuk DNA wat
codeert voor 1 eiwit wordt een gen genoemd.

2 e ion balans in de cel verschilt van de exiraceHlulaire jon concentraties. Om de de intracellulaire ion balans te

handhaven, beschikt etke cel over verscheidene ion kanaten en ion transporteurs,
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In hoofdstuk 3.2 is gekeken naar een andere vorm van CFIR aktivering. Recentelijk
werd beschreven dat genistein, een remmer van tyrosine kinase {een andere proteine kinase},
CFTR kon activeren. Onze data laten echter zien dat genistein niet werkt via de inhibitie van
tyrosine kinase, maar waarschijnlijk direkt aangrijpt op het CFTR eiwit zelf, De observatie dat
genistein CFTR kan activeren kan van groot belang zijn voor de ontwikkeling van een therapie
voor CF. Het blijkt namelijk dat een subpopulatie van CF patienten wel CFTR chloride kanalen
tot expressie brengt op de celmembraan (hoewel sterk verminderd in aantal of met een sterk
verlaagde activiteit). Voor deze groep patienten met residuele activiteit kan een extra activering
van het CFTR chloride kanaal door genistein wellicht het CF ziekte proces vertragen.
Aangezien penistein aanwezig is in bepaalde voedingsmiddelen {mn in soya producten) en in
redelijke hoeveelheden opgenomen kan worden door ons lichaam, zou men deze
patientengroep kunnen behandelen met een genistein-rijk dieet. Aanvullend onderzock zal
aantonen of dit dieet leidt tot curatieve genistein concentraties in het bloed, Voor dit onderzoek
kan by het door ons laboratorium ontwikkelde muis model voor CF gebruikt worden (zie
later).

Zoals eerder vermeld is het nog onduidelijk waarom de afwezigheid van het CFTR
cioride kanaatl leidt 1ot CF. Om de pathogenese van CF te begrijpen is onderzoek verricht naar
de fysiologische functie(s) van CFTR, De resultaten van dit onderzoek staan beschreven in
hoofdstuk 3.3 en 3.4 van dit proefschrift. Eén van de eerste en meest kenmerkende
ziekteverschijnselen in CF is mucus? obstructie van ducten en lagere luchtwegen. Deze mucus
obstrictie vormt waarschijnlijk een goede voedingsbodem voor bacterién welke uiteindelijk
leidt tot pulmonaire infecties. De mucus obstructie kan op verschillende manieren worden
veroorzaakt, Twee hypothesen werden gefest en staan beschreven in dit proefschrift. Als eerste
werd gekeken naar de rol van CFTR in vloeistoftransport. Bij een onvoldoende hydratering
van mucus wordt mucus taai en moeilijk te verwijderen. Aangezien CFTR een chloride kanaal

is en vloeistoftransport wordt gereguleerd door ionstromen, zou een defect in dit chloride
kanaal kunnen leiden tot een defect in vloeistoftransport, De data beschreven in hoofdstuk 3.3
tonen aan dat CFTR niet betrokken is bij het vioeistoftransport in de muizetrachea, Dit in
tegenstelling tot andere weefsels waaronder de galblaas en dunne darm van de muis waar
CFTR wel degelijk betrokken is bij het vloeistoftransport (niet beschreven in dit proefschrift}.
De observatie dat CFTR een rol speelt in het actieve transport van vloeistof over een epithelium
{muv de muizetrachea) zou een goede onderliggende verklaring kunnen zijn voor het ontstaan
van de CF ziekteverschijnselern.

3 Mucus bestaat uit hoogmoteculaire glycoproteinen en wordt uitgescheiden door epitheliale cellen, Een mucus
laag dient ter bescherming van de cel.
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Mucus obstructie in CF kan ook worden veroorzaakt door een verandering in mucus
secretie, Deze hypothese veronderstelt een actieve rol van CFTR in de secretie van mucus.
Indien bijvoorbeeld de afwezigheid van CFTR leidt tot een toename in mucussecretie kan dit
obstructie ten gevolgen hebben (als de aanvoer groter is dan de afvoer), Aan de andere kant kan
een afname in de secretie van mucus in CF ieiden tot een ophoping van mucus in cellen,
Wanner deze ophoping leidt 1ot celdood komt mucus vrij welke onvoldoende gebufferd of
gehydrateerd is. De op deze manier in het milien vrijgekomen mucus is taai en kleverig en kan
niet adequaat worden afgevoerd. In hoofdstuk 3.4 is het onderzoek naar de rol van CFTR bij
de secretie van mucus door gekweekie galblaascellen van de muis beschreven. Onze resultaten
laten zien dat CFTR niet betrokken is bij de secretie van mucus door deze cellen. Deze data

kunnen de CF pathogenese dan ook niet verklaren.

De meest voorkomende mutatie in het ¢ftr gen leidt tot de deletie van een enkel
aminozuur thet CFTR eiwit is in totaal opgebouwd uit 1480 aminozuren), een fenylalanine op
positie 508 (AF508) van het CFTR eiwit. Deze mutatie is interessant omdat het AF508 CFTR
nog wel codeert voor een relatief normaal gereguleerd chloride kanaal. Dit kanaal komt echter
nief tot expressie op de celmembraan. Het AF508 CFTR wordt na de novo synthese verhinderd
van transport uit het endoplasmatisch reticulum en wordt uiteindelijk afgebroken. De observatie
dat deze maturatie mutant nog wei kan functioneren als een relatief normaal CFTR chloride
kanaal betekent dat de meeste patienten (+90%) potentieel funtionele chloride kanalen bezitten
mits het AF508 CFTR maar getranstokeerd kan worden naar de celmembraan. Een muis model
voor de AF508 CFTR mutatie zou een belangrijke stap zijn in het onderzoek naar de maturatie
van AF508 CFTR en kan de basis vormen van alternatieve therapiér voor CF die zich richten
op de relocatie van AF508 CFTR naar de celmembraan. In dit proefschrift wordt de generatie
en de karakterisering van een muis model voor de AF508 CFTR mutatie beschreven (hoofdstuk
3.5 en 3.6).
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Isotype-specific Activation of Cystic Fibrosis Transmembrane
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Type I ¢GMP-dependent protein kinase (¢GKII) iso-
lated from pig infestinal brush borders and type I ¢GK
(cGKI) purified from bovine lung were compared for
their ability to activate the cystic fibrosis transmem.
brane conductance regulator (CFTR)-C1™ channe! in ex-
cised, inside-out membrane patehes from NIH-3T3 fibro-
blasts and from & rat intestinal cell line (IEC.CF7) stably
expressing recombinant CFTR. In both cell models, in
the presence of ¢cGMP and ATP, ¢GKII was found to
mimic the effect of the catalytic subunit of cAMP-de-
pendent profein kinase (cAK) on opening CFTR.Cl™
channels, albeit with different kinetics (2-3-min lag
time, reduced rate of activation). By conirast, cGKlor a
monomeric ¢GKI catalytic fragment was incapable of
opening CFTR-CI~ channels and also failed to potentiate
c¢GKII activation of the channels. The cAK activation but
not the eGKII activation was blocked by a cAK inhibitor
peptide. The slow activation by c¢GKII could nof be
aseribed to counteracting protein phosphatases, since
neither calyculin A, a potent inhibitor of phosphatase 1
and 2A, nor ATP+S (adenosine 5'-0-(thiotriphosphate)),
producing stable thiophosphorylation, was able to en-
hance the activation kinetles, Channels preactivated by
c¢GKII closed Instantaneously upon removal of ATF and
kinase but reopened in the presence of ATP alone, Par.
adoxically, immunoprecipitated CFTR or CF-2, a cloned
R domain fragment of CFIR {(amino acids 6456-835)
could be phosphorylated to a similar extent with only
minor kinetic differences by both isotypes of cGH. Phos-
phopeptide maps of CF-2 and CFTR, however, revealed
very subtle differences in site-specificity between the
¢GK isoforms. These results indicate that ¢GKII, in con.
trast fo ¢GKlaq, is & potential activator of chloride trans-
port in CFTR-expressing cell types,

Guanosine 3',5'-cyclic monophosphate (cGMP} has been
identified as an important intraceliular mediator of salt and
water secretion in intestinal epithelium {1-3). Secretagogues
acting through the cGMP-signaling pathway include the family
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(Grants Ko 210/11-3 and SFB355). The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must thereflore be hereby marked “edvertisement” in accordance
with 18 UL.5.C. Secton 1734 solely to indicate this fact.
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istry, Cardiovascular Research Institute COEUR, Medical Faculty,
Erasmus University, P, . Box 1738, 3000 DR Rotterdam, The Nether-
Iands, Tel.: 31-104087324; Fax: 31-104360615.

of heat-stable enterotoxins (5Ts),! low molecular wejght pep-
tides secreted by enteropathogenic bacteria, and guanylin, a
recently discovered endogenous ST-like peptide hormene (3, 4).
Binding of ST or guanylin to the receptor domain of an intes-
tine-specific isoform of guanylyl cyclase (GC-C) triggers cyclase
activation, ¢<GMP accumulation, and stimulation of net fiuid
secretion through the sctivation of apicat C1™ channels in par-
alle] with inhibition of coupled NaCl transportera (3, b, 8). The
cystic fibrosis transmembrane conductance regulator (CFTR),
an epithelial C1~ channe! mutated in CF patients (7, 8), ap-
pears to be involved in the Cl™ secretory response to ST and
¢GMP analogues, as evidenced hy the absence of this response
in CF intestine (9, 10).

Several mechanisms have been proposed to link ¢cGMP fo the
CFTR-CI~ channels, including (i) ¢GMP cross-activation of
¢AMP-dependent protein kinase (11--18) followed by multisite-
phosphorylation of CFTR {14), (ji} direct interaction of ¢GMP
with the CFTR protein (15), and (iii) ¢cGMP activation of an
intestine-specific isoform of ¢GMP-dependent protein kinase
{type I ¢GK; Refs. 16-19). ¢GEKII was discovered as a ¢cGMP-
sensitive 86-kDa phosphoprotein localized in intestinal brush
border membranes (16), which comigrated with a ¢GMP recep-
tor protein on one- and two-dimensional gels (17, 18). The
intestinal isoform is ¢learly distinct from the homodimeric type
ia and IB ¢GK (153156 kDa) identified in other mammalian
tissues, as illustrated by differences in subcellular localization,
subunit composition, isoelectric point, phosphopeptide maps,
immunoreactivity, and affinity for cyelic nuclectide analogues
{17-19). Recently, molecular ¢loning of cGKII from mouse brain
(20} and rat intestine (21) demonstrated that ¢GKII is a differ-
ent gene product than ¢«GKla and I (22, 23),

In the present study, evidence for a functional difference
between c¢GK isoenzymes was obtained from studies of the
activation of CFTR-C1™ channels in excised membrane patches
of an intestinat cell line (IEC.CF7; Ref. 24) or NIH-3T3 fibro-
blasts stably expressing recorabinant CFTR (25), In both mod-
efs, exposure of patches to 2 combination of ¢GMP and ATP
failed to elicit C17 channel activity, However, the further ad-
dition of purified ¢GKII, but not ¢GKia, resulted in almost full
activation of CFTR-CI™ currents.

Differential activation of the CFTR-Cl™ channel by cGKil is
the first example of isotype specificity in ¢GK regulation of

¥ The abbreviations used are: ST, heat-stable enterotoxin; CFTR,
cystic fibrosis transmembrane conductance regulator; CF, cystic fibro-
sis; cOK, ¢GMP-dependent protein kinase; cAK, cAMP-dependent pro-
tein kinase; PKI, Walsh inhibitor peptide (PKI(5-24)amide); ATPyS,
adenosing  §'-O-{thiotriphosphate); PAGE, polyacrylamide gel
electrophorests.



52

celtular functions and provides a plausible explanation for the
prominent role of cGMP as a regulator of CI” transport in
intestinal epithelium in comparison to other CFTR-expressing
celi types in which cGKII expression is marginal or absent
(19-21).

EXPERIMENTAL PROCEDURES

Materials—Calyculin A was obtained from Calbiochem, San Diego,
CA. PKI, the Walsh inhibitor peptide (PKI(6—24)-amide)} was obtained
from Dr, U, Walter, Wirzburg, Germany. CF-2, a clonad B domain
peptide of CFTR (AA645-835), was produced in bacteria and purified as
described (26). Adenosine B'-iriphosphate, sodium salt (ATP), and
cGMP were obtained from Boehringer Mannheim. [v**PJATP was ob-
tained from Amersham, UK All other chemicals were from Sigma.

Cells and CFTR Expression Systems—Two cell types that stably
express CFTR were prepared and matntained as described previously
{24, 27). IEC-CF7 cells were obtalned by stable transfection of the rat
fetal intestine-derived IEC-6 cell line with a plasmid encoding CFTR
(24); NIH-3T3 cells ¢xpressed CFTR after infection with a retroviral
vector encoding CFTR {27).

fsolation of Protein Kingses—cGKIl was purified from the small
intestine of adult pigs (donated by the Department of Experimental
Cardiology, Brasmus University). The small intestine was dissected
from aunesthetized pigs, rinsed with ice-cold 0.9% NaCl, and frozen in
liquid witrogen. Brush border membrane vesiéles were prepared from
the intestinal pieces by a freeze-thaw precedure and subsequent differ-
ential Mg®* precipitation and centrifugation as described previously
(2B). ¢cGKII extraction from the vesitles and purification by affinity
chromatography on 8{2-amincethyl}amino-cAMP-Sepharose was per-
formed essentially as described (17, 18) with & slight modification. To
obtain detergent-free enzyme for use in the pateh clamp experiments,
elution of ¢GKII from the affinity gel with 1 mM ¢cGMP was performed
in the presence of 4 mM octyl glucoside rather than Triten X-100,
Subsequently, cGMP and octyl glucoside were Temoved by dialysis in
detergent-free patch clamp medium (see below).

The catalytic subunit of type IT cAK and ¢GKI (characterized by
antibody analysis to be primarily the fa isoferm; Ref, 29) were purified
from bovine heart and bovine lang, respectively, as described {30, 31
The specific activities {units/mg protein) of the purified protein kinasss
as determined by the Kemptide phosphorylation assay (32) were 4.2
(cAK}, 2.0 {cGKI), and 1.6 (¢cGKIl), respectively. A monomeric constitu.
tively active ¢GKI fragment was obfained by limited trypsinization as
described (33). .

Patch Clamp Technique—Patch clamp experiments were performed
as described by Hamill ef al. (34). Glass (borosilicate) pipettes were
pulled to a resistance of 308 megohms and heat polished. Pipette
potential refers to the voltage applied to the pipette interior with
reference to the bath potential, Upward deflections denote negative
charge {flowing out of ths pipette. A List EPC-7 amplifier was used for
current amplification and voltage clamping. Membrane voltage was
continuously clamped at - 40 mV, except when performing current-
voltage relationships. Data were monitored on an oscilloscope and
stored on a VCR, The recorded data were filtered at 50 or 100 Hz,
digitized at 200 Hz, and analyzed on a personal computer, Data anal-
ysis was performed as described by Kansen et al. (35). In view of the fact
that the high density of CFTR-C1~ channels in membrane patches of the
3T3-CFIR fibroblasts hinders the accurate determination of open state
probability or number of channels, channel activity in these patches
was expressed in pA, rather than as the number of open channels. The
composition of the bath and pipetts solutions was (in mM): 140 N-
methyl-I-glucamine, 1 EGTA, 3 MgCl,, and 10 Hepes-HC1 (pH 7.3, final
Cl™ concentration 147 mum). In some experiments a low Cl™ pipetie
buffer was used containing {in mM): 140 Ahmethyl-D-glucamine, 100
L-aspartic acid, 2 MgCl,, b Call,, and 10 Hepes-HCl (pH 7.3; final C1~
concentration 49 mM). Excised patthes were studied in a solution ex-
change compartinent (volume I ml), as described previously by Kansen
et al. (36). Experiments were performed at room temperature.

In Vitro Phosphorslation of CFTR and CF.2 and Phosphopeptide
Mapping—CFTR was immunoprecipitated from T84 cells using specific
CFTR antibodies and protein A-Sepharose beads as described (26).
CFTR attached to protein A-Sepharvse beads (10 i of suspension} or
CFTR antibody plus beads alone was incubated at 30 °C for 40 min in
100 ul of buffer containing 10 my MgCL,, 1 ms EGTA, 10 mM Hepes, pH
7.3, 50 pd MgATP, 20 pM cGMP, 10 Ci/mmol (2 PIATP, and purified
protein kinases {catalybc subunit of cAK, 2 milliunits/ml; cGKI, 7.5
milliunits/ml; ¢GKII, 9.4 milliunits/mt). The phosphorylated samples
were washed, resuspended in SDS.stop solution, and analyzed on 8%

SDS-PAGR as described previously {26). Phosphorylation conditions i
CF-2 (b p:M) were similar to those for CFTR. For kinetic experiment
linear incorporation of *2P with time was ensured by (i} restricting ¢}
incubation time ta b min, {ii) varying the CF-2 concentrations betwee
0.1 and 0.5 p, (iii) intreasing the [4~PJATP contentration to 500 i
{1 Ci/mmol), and (iv) using equal concentrations {25 nM) of each protei
kiuase. Reactions were terminated by the addition of 20 pl of 70!
trichloroacetic acid, and protein pellets were washed three times wit
0.2 ml of ice-cold H0, suspended in 50 pd of SDS-stop buller, boiled fu
2 min, and subjected to 12% SDS-PAGE as described (26). ¥P.Labele
CF-2 or GFTR were exciséd from the dried gels, washed with tw
changes of 10% acetic acid/30% methanol and three changes of 50¢
methano), sod lyophilized. In the linetic experiments, the incorpors
tion of **P into CF-2 was quantified by liquid scintilation spectrometry
For two-dimensional phosphopeptide mapping of CF-2 and GFTR, 1 m
of 50 myM NH,CO,, pH 8.0, containing t-1-tosylamido-2-phenylethy
chloromethyl ketone-treated trypsin (50 pug/ml) was added to the drie
gel pieces and the mixture was incubated at 37 °C for 20 h (26). The ge
pieces were washed with 0.5 miof 50 my WH HCO, at 37 *C for 4 h, an
the collected supernatants were lyophilized, Phosphopeptides were sep
arated on thin layer cellulose sheets {20 % 20 em, Eastman Kodak Co.
by electrophoresis in the first dimension, followed by chromatograph;
in the second dimension. Dried sheets were subjected b
autoradiography.

RESULTS

Aetivation of CFTR-Cl™ Channels by Protein Kinases—Ir
agreement with earlier studies of Ci™ channel activation ir
excised, inside-out membrane patches from 3T3-CFIR fibro-
hlasts (25, 87, 38), the addition of catalytic subunit of cAK (£
milliunits'ml) to the bath, in the presence of 2 mM MgATP,
resulted in rapid activation (lag time < 1 min) of multiple
anion-selective channels (average current increase per patch
40 * 3B pA at —40 mV holding petential; n = 15) showing
characteristic properties of the CFTR-Ci~ channel {fe. CI™
selectivity, linear current-voltage relationship in symmetrical
CI™ concentrations, 8 pS single channel conductance; results
not shown), A similar low conductance channel, occurring at 2
much lower density (2- 6 channels/patch} was activated by cAK
in excised patches from the rat intestinal IEC-CF7 cell line
stably expressing CFTR (24). In addition to cAK, the effect of
¢GK on CFTR-Cl™ channel opening was examined in excised,
cell-free patches from both cell lines. Addition of MgATP (2 )
and eGMP (50 uy) together did not activate current in 3T3-
CFTR patches during 5-15 min observation (Fig. 1A}, Inclusion
of the cGKI isoform purified from bovine lung (10 miiliunits/mi)
likewise failed to open the CFTR-CI™ channel (Fig. 14), con-
firming earlier observations by Berger ef al. (38). However, the
subsequent addition of saturating concentrations of the cGEII
{10 milliunits/m) elicited a large Cl~ current, reaching a value
after 16 min that was 78 * 24% {n = B) of the maximal current
attained upon addition of saturating amounts of cAXK (2 milli-
unit&/mi) to the same patch (Fig. 14). Balf-maximal ¢GEII-
activation (48 = 9% of the maximal ¢GEKJI response at 15 min;
r = B) was observed in the presence of 2 milliunits/mi cGKII,
whereas the threshold for current activation (10 * 6%;n = 5)
was found at 0.5 milliunits/m! ¢GKIT (data not shown). In
comparison to cAK, CFTR-CI~ current activation by ¢cGKH was
a relatively slow process (time required to reach half-maximal
activation fellowing addition of 10 milliunits/m!l ¢GKIL: 8 £ 1
min; for 2 milliunits/ml cAX: 0.7 + 0.2 min,» = 6; Fig. [,Aand
B). This slow activation was unlikely to result from the activity
of counteracting protein phosphatases, since neither calyeulin
A {1077 M), a potent inhibitor of phosphatase 1 and 2A (recently
implied in CFTR regulation; Refs. 38 and 39), nor the addi-
tional presence of ATPyS (1 mu) to produce stable thiophos-
phorylation, was able to enhance the CFTR activation kinetics
{results not shown).

The ¢GKII isoforin, but not ¢GKI, was capable of activating
CFTR-CI~ channels also in excised patches from IEC-CF7 cells
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Fic. 1, cGEII but not ¢GKI activates CFTR-C1~ channel cur-
rent in excised, inside-out membrane patches from 3T3.CFTR
fibroblasts, ATP (2 mum), cGMP (50 pn), ¢GKII (10 milliunits/mt), and
catalytic subunit of cAK (2 milliunitsfm1) were present in the cytosalic
(bath)} solution during the times indicated by the bars. Panel A, com-
parison of the effects of ¢GKi, ¢GKII, and ¢cAK. The amount of eurrent
activated by ¢GKIl was 78 * 24% (n = 5) of the current measured after
subsequent addition of ¢cAK. Panel B, a representative example of an
experiment showing that the cGK.activated currents raplidly returned
to near base-line values upen removal of the kinasa and ATP from the
bath (also shown for the cAK-activated currents in panel A), hut could
be restored almost instantaneeusly by the readdition of ATP alons,
Panel C, ime course of activation of CFTR-Cl™ current by ¢GKI!I alone
{®; 10 milliunits'm]} or a combinatien of ¢GKI (10 milliunits'ml) and
<GRII( ) n = 6. Current levels are expressed as a percentage of the
maximal CFTR-C1™ current observed upon subsequent addition of 2
millivnita/ml cAK

(Fig. 2). In this low expression model, single-channel events
could be monitored (Fig. 24), which had a linear I-V relation in
symmetrical Cl™ coneentrations, a channel conductance of 8
p5, and a rightward shift in current reversal potential upon
lowering of the Cl™ concentration in the pipette (Fig, 2B), The
mean open probability (P,} of CFTR-Cl~ channels measured at
the plateau phase of activation by saturating concentrations of
cGKII (0.22 *+ 0.09; n = 9) did not differ significantly from the
P, of cAK-activated channels (0.23 + 0.12; n = 8).

Additional proof of the identity of the ¢cGKIl-activated chan-
nel as CFTR came from the observation that ¢GKII could not
further enhance channel activity fn excised patches from 3T3-
CFTR celis following their pre-phosphorylation by cAK (2 mil-
lunits/ml) and ATP (2 mM) (results not shown). Another simi-
larity between CFTR-C1™ channel regulation by ¢AK and
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FIG. 2. Biopbysical characteristics of the <¢GEIl-activated
channelin excised, inside-out membrane patches from IEC-CF7
cells. Pandd A, current tracings of oG Kil-activated channels. Left, sym-
metrical 147/147 mum chloride solutions. Right, pipette buifer was re-
placed by a Tow (49 mM) chloride buffer. Tracings were obtained at the
indicated voltages, C, all channels closed; dotled line, single-channel
current levels. Parel B, IV characteristics of the thannel. The channel
conductance was 80 * 0.6 pS (n = 5). @, symmetrical Cl~ solution
(147/147 mM); |, reduction of CI™ in the pipette to 49 mM by replace-
ment with aspartic acid.

¢GKII was the observation that the currents rapidly returned
to near base-line valugs upon the removal of either kinase and
ATP from the bath, but could be restored almost instanta-
neously by the readdition of 2 my ATP alone, confirming the
cruciat role of ATP in CFTR-Cl™ channel functioning (Fig. 1B;
¢f. Refs. 25, 38, and 40).

To eliminate the possibility that ¢GEKII activation of CFTR
resulted from a contamination of the ¢GKII preparation with
cAK, a specific peptide inhibitor of cAK, PKI (0,1 pm) was added
to the bath. Under this condition CFTR-Cl™ channel activation
in 313 membrane patches by ¢AK (2 milliunits/ml) was com-
pletely abolished, whereas ¢hannel activation by ¢GXII (2 mil-
liunita/ml) was not significantly affected (42 = 3% of the max-
imal channel activity evoked by cAK in the same patch
following removal of PKI from the bath, as compared to 37 =
5% in the absence of PKI; n = 5). Moreover, PKI was unable to
inhibit phosphorylation of Kemptide or CI-2 by ¢GKII {not
shown).

Finally, the possibility was considered that cGKI, in spite of
its failure to open CFTR-CI™ channels by itseif, could interfere
with the activation of CFTR-CI™ channels by the other ¢GK
isoform. However, neither preincubation of 3T3 patches with
¢GKI (10 milliunits/ml, 15 min; results not shewn) nor the
simultaneous addition of ¢GKI (10 milliunits/ml) and cGKI (10
miltiunits’ml) had any effect on the rate or extent of CFTR-CI™
channel activation as compared to ¢GKII alone (Fig. 1C).

Phosphorylation of CFTR and CF-2 by ¢GK Isotypes—Phos-
phorylation studies carried out with CFTR immunoprecipitates
{Fig. 3A) and CF-2, the recombinant R domain of CFTR (Fig.
3R) confirmed previous reports that both proteins are excellent
fn vitro substrates for ¢cAK and ¢GKI (26, 38). This discrepancy
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Fia. 3. Phosphorylation of CFTR {(panel A} and CF-2 (panel B) by purified protein kinases, Panel A, CFTR was immunoprecipitated

from T84 cells and phosphorylated as described under "Experimental

Procedures.” The reactions also contained: catalytic subunit of cAK (2

milliunite/ml; lares I and 2), <GKI (7.5 milliunits/ml; lanes 3 and 4), and cGKII (8.4 milliunite'm); lares 5 and 6). Lanes 2, 4, and 6, control
experiments in which CFTR was omitted. The *?P.labeled proteins were separated by 6% SDS-PAGE, The gel was dried and exposed to x-ray film.
CFTR migrates as a broad band of 180 kDa ("band C*; see Rel. 14). The B6- and 74-kDa bands represent residual amounts of autophosphorylated
<GKH {lenes & and 6, intact 86-kBa form + 74-kDa proteclytic fragment; ¢f. Ref. 17) and ¢GKI (fanes 2 and 4, intact 74-kDa form), respectively,
remaining following the washing steps. Penel B, Lineweaver-Buck plots of CP-2 phesphorylation by equal concantrations (25 nv) of ¢AK, ¢GKI, and
¢GKIL The experimenta} conditions needed to ensure linear rates of *P incorporation are specified under “Experimental Procedures.” The inse!
shows the kinetic constants (K, V_..) caloulated from the Lineweaver-Burk plots. ALL, arbitrary units. Data represent the mean of three

experiments.

between phosphorylation and functionat studies was even more
apparent from the kinetics of /r vitro phosphorylation of CF-2
by ¢GKI and ¢GKII isoenzymes (Fig. 3B). CF-2 was a better
substrate for ¢GKI than for cGKII {similar K ; 3-fold higher
Vnax)» and the plateau level of phosphate incorporation into
CFTR (Fig. 34) was also higher for ¢GKI (140 = 11% of the
¢GETI level; n = 8).

Two-dimensional Phosphopeptide Mapping of CF-2 and
CFTR Phosphorylated by cAK, ¢GKI, and ¢GKII—Up to 10
serine residues within the R domain have been suggested to be
involved in the activation of CFTR (for review, see Ref. 39). In
order to investigate whether the isotype specificity of ¢GK
activation of the CFTR-CI~ channel might be related to the
pattern of specific serine residues that are phespherylated,
two-dimensional phosphepeptide mapping was performed of
CF-2 and CFTR phosphoerylated by cAK, cGKI, and cGKII (Fig.
4}. All three kinases phosphorylated the same peptides in CF-2
with very slight differences being observed in the intensities of
phosphorylation of individual peptides (Fig. 4, A-C). All three
kinases also phesphorylated the CFTR on a subset of the pep-
tides phosphorylated in CF-2 (Fig. 4, D-F), arguing against the
lecation of novel cGKII sites outside the R domain. Several
sites, in particular those located on peptides 1, 2, and 4 (the
latter containing serine 700; see Ref, 26), were phosphorylated
to a similar level. In contrast, one prominent peptide, tabeled 9
{sce Ref, 26 for numbering) was preferentially phosphorylated
by ¢AK and ¢GKII, but was phosphorylated to a much lower
level by ¢GKI (Fig, 4, D-F, and data not shown).

DISCUSSION

In this study a recently cloned cGK isoform, cGKII (20, 21),
expressed at high levels in the luminal membrane of intestinal
epithelial cells (16-19, 21, 41} and to a lower extent in kidney
and brain {21), is identified as a novel potential regulator of the
CFTR-C1~ channel. Using a reconstitution assay consistingof a
detergent-free preparation of solubilized and purified cGKII,
inside-out membrane patches from CFTR-transfected intesti-
nal cells (IEC-CF7), or NIH-3T3 fibroblasts, Mg-ATP and
¢GMP, the enzyme could almost fully mimic the effect of cAK
on CFTR-C1™ channel opening, aibeit with a slower time
course, It is possible, however, that the rate-limiting step in the
in vitro assay is the anchoring of the ¢GKII te the membrane,
and that this delayed opening does not necessarily imoly a
similar kinetic disadvantage for ¢GKII in vive, considoring its
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Fio. 4. Two-dimensional tryptic phosphopeptide mapa of CF-2
and CFTR. Upper and fower ponels, phosphopeptide maps of OF-2 and
CFTR, respectively, showing phosphorylation by cAK (A and I, ¢GKI
{B and E), and cGKII (C and F?, respectively. Purified CF-2 and immu-
noprecipitated CFTR were phosphorylated for 40 min at 30 °C in the
presence of cAK (2 milliunitsml), cGKI (7.5 milliunits/mi), or <GKH (9.4
milliunits/ml} as deseribed under "Experimental Procedures.” The ¥2P-
labeled proteins were separated by 6% (CFTR) or 12% (CF-2) SDS-
PAGE and visualized by autoradiography. Radivactive bands of CP-2
(pooled middle and upper bands running at 30 and 32 kDa, respectively;
of. Rel. 26) and CFTR {see Fig. 34) were excised from gels, washed, and
digested for 20 h with 56 yg/ml 1-1-tosylamido-2-phenylethy! chlorom-
ethyl ketone-treated trypsin. Tryptic digests were separated by electro-
phoresis in the first dimension at 400 V to 10% acetic acid, 1% pyridine,
pH 3.5, and by chromatography in the second dimension using pyridine:
1-butanol;water:acetic acid (10:15:12:3%). O, origin. Left, +; right, -.
Phosphopeptides are numbered from 1 to 9, and correspond to those in
Ref. 26. The results shewn are representative of three independent
experiments, In two other sets of CF-2 maps, an additional phosphopep-
tide migrating closely to peptide 9 could be distinguished, Indicating
that the peptide 9 spot may contain more than one peptide or more than
one phosphoacceptor site in one peptide, occasionally giving rise to
alternative tryptic digestion.

colocalization with CFTR in the luminal membrane (19, 41).
The amount of C1™ channel current reached (78 = 24% of that
measured after the subsequent addition of cAK) was consider-
ably greater than the current level reported after addition of
anether activating kinase, PKC, using similar assay conditions
(15 * 8% of cAX; Ref. 38). In accordance with these functional
data, the phosphopeptide maps made from CF-2 and CFTR
phosphorylated in vitro by ¢GKII and ¢AK were virtualiy iden-
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tical and clearly different from the pattern generated by PKC
(26). The plateau level of phosphate incorporation into CFTR
reached with ¢AK and ¢GKII was also similar (Fig. 84), al-
though the rate of CF-2 phosphorylation by ¢GKH was slower
{Fig. 3B). However, such a ciose correlation between ir vitro
phosphorylation and functional data should be interpreted
with caution: ¢GKle, another mammalian ¢GK isoform ex-
pressed in many non-intestinal cell typea (30, 31) failed to
activate CFTR-C1~ channels in this and an earlier study (88) or
to potentiate ¢GEKII activation of the channel, in spite of its
ability to phosphorylate ir vitro three of the four major cAK/
c¢GKH sites in CFTR (Fig. 4).

The molecular basis for the differential activation of the
CKFTR-CI™ channel by ¢GK isotypes is presently unclear. One
posaibility is that ¢GKIee may not recognize one or more phos-
phoenacceptor sites in CFIR that are crucial for its activation.
However, the results from the two-dimensional peptide map-
ping studies indicate that the pattern of phosphorylation of
CF-2 is similar for ¢cGKI and ¢GEKII and essentially the same as
that of cAK. Furthermore, the pattern of phosphorylation of
CFTR by the three kinases was also similar with the exception
that one peptide (peptide 9) was phosphorylated to enly a very
low level by cGEI(Fig. 4). Although initial mutagenesis studies
suggested that the multisite phosphorylation of the R domain
is degenerate and that no single phosphorylation site is critical
for CFTR-C1™ channel function (14), more recent studies pro-
vide evidence for a distinct role of subsets of phosphorylation
sites in controlling the function of the two nuclestide binding
domains in CFTR (39}, and for the existence of stimulatory and
inhibitory phosphorylation sites in the R domain (42). How-
ever, the possible presence of a predominant inhibitory site
phosphorylated by ¢GKla but not by ¢GKII or cAK scems
unlikely since CFTR-CI™ channel activation by ¢GKIE or ¢cAK
was not inhibited by ¢cGKI (Fig. 1C). A second possibility is that
the CFTR protein in its natural membrane environment is
differentially accessible to the ¢GK isoenzymes and that this
difference is lost following immunoprecipitation or in CF-2
peptide studies. Conceivably, differences in size or quaternary
structure between the monomeric ¢GKII protein (17-19) and
the ¢GKI dimer do not play a major role because limited
trypsinization of ¢GKla generating a monomeri¢ C-terminal
fragment failed to improve CFTR-CI™ channel activation. On
the basis of secondary structure analysis, it has been argued
that the structural determinants accounting for the tight asso-
ciation of the type Il ¢GK with membranes may reside in the
N-terminal region {21), Earlier topological studies in intestinal
brush borders have also pointed to a role of a 15-kDa N-
terminal fragment in anchoring ¢GKII to the microvillar cy-
toskeleton (17, 18). In particular the presence of a consensus
sequence for N-terminal myristoylation in ¢GKII{21) may have
functional significance. This sequence is absent in ¢GKI« (43),
which may explain in part its inability to activate CFTR. As a
third possibility, cGK activation of the CFTR-C1™ channel may
depend on the additional phosphorylation of a CFTR-associated
regulatory protein ubiguitously expressed in cells of epithelial
origin {IEC-CET) and non-epithelial cells (3T3 fibroblasts).
Small phosphorylatable proteins have been recently implicated
in the regulation of a different class of C1™ channels (44, 45).
However, the opening of CFTR-CI™ channels in lipid bilayers
by cAK does not require an auxiliary protein (46). Similar
studies performed with the ¢GK isotypes are clearly needed to
discriminate between a direct and indirect model of CFTR
regulation.

The demonstration of ¢cGKII regutation of CFTR-Cl™ chan-
nels in membrane patches together with the high expression
level of ¢GKII and virtual absence of ¢cGKE in intestinal epithe-

liwm (17-19, 41} strongly support a mede! depicting ¢GKII as
the major effector of the action of cGMP and ¢cGMP-linked
secretagogues (ST, guanylin) in this tissue. Recent immunolog-
ical and ion transport experiments (41) also show a tight cor-
relation between ¢GKII expression and 8-Br-cGMP-provoked,
but not 8-Br-cAMP-provoked Cl~ secretion in rat intestinal
segments and human colonic cell lines (T84, CaCo-2). With one
possible exception (47), the latier cell lines do not express
detectable levels of ¢GKII (41) but are still able to activate
CFTR in response to ST, apparently as a consequence of exces-
sive cGMP accumulation followed by cross-activation of cAK
(11-13). However, in a previous study no tow affinity binding of
<GMP to cAMP receptors in the brush border membrane could
be detected following luminal exposure of rat small intestine to
STir vivo {(48). Moreover, in contrast to 8-Br-cAMP, ST did not
further enhance Cl™ secretion in rat small intestinal mucosa
and proximal tolon in wvitre beyond the level reached in the
presence of exogenous cGMP analogues (41), The apparent
need for coexpression of ¢GKII and CFTR may also explain why
<GMP activation of Cl~ secretion is not universally observed in
other CFTR-expressing cell types, including human ajrway
epithelium ¢38).
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Genistein Activates CFTR via a Tyrosine Kinase and Protein Phosphatase Independent
Mechanism!

Pim J. French’, Jan Bijman*, Alice G. Bot", Wendy E.M. Boomaars®, Bob J. Scholie” and Hugo

R.de Ionge#"
Departments of “Cell Biology and "Biochemistry, Erasmus University, P.O. Box 1738, 3000 DR Rotterdam, the
Netherlands.

Previous studies have revealed a cAMP independent activation of CFTR-chloride
channels by the tyrosine kinase inhibitor genistein. To further investigate its mechanism
of action, we attempted to reconstitute genistein activation of CFTR in excised inside-out
membrane patches from CFTR transfected NIH-3T3 fibroblasts, In the presence or
absence of ATP, genistein was unable to open silent CETR-chloride channels. However,
upon CFTR prephosphorylation by the catalytic subunit of cAIMP dependent protein
kinase {¢cAK), genistein enhanced (hyperactivated) CFTR activity 2 fold in comparison
with ATP alone, This hyperactivation of CFTR resulted from a prolonged burst duration,
causing an increased channel open probability. Genistein could also hyperactivate
partially phosphorylated CFTR, in the absence of cAK, and therefore is different from 5'-
adenylylimido diphosphate (AMP-PNP) which required fully phosphorylated CFTR.
Therefore, subtle differences in the basal phosphorylation state of CFIR in intact cells
may contribute to the variable efficacy of genistein as a CFTR activator. Phosphatase
resistant thiophosphorylation also primed the CFTR-chloride channel for
hyperactivation by genistein. Replacement of ATP by GTP as a hydrolyzable nucleotide
triphosphate for CFTR did not impair the ability of genistein to hyperactivate
thiophosphorylated CFTR, despite the fact that GTP is a poor subsirate for tyrosine
kinases, These findings argue against a possible role of protein phosphatases or tyrosine
kinases, but suggest a direct interaction of genistein with CFIR, possibly at the level of
NBD2.

Cystic Fibrosis is a common lethal autosomal recessive disease, cavsed by mutations in
the cystic fibrosis transmembrane conductance regulator (CFTRY (1,2). CFIR encodes an
epithelial chloride channel which is activated npon phospheorylation by cAMP dependent protein

! This work was supported by the Dutch Organization for Scientific Research NWO, Life Sciences SLW.,

? The abbreviations used are: CF, cystic fibrosis; CFTR cystic fibrosis transmembrane conductance regulator;
cAK, cAMP dependent protein kinase; ¢GK, cGMP dependent protein kinase; PKC, Ca®* and phospholipid
dependent protein kinase; ATPYS, adenosine 5-O-(3-thiotriphosphate); AMP-PNP, 5-adenylylimido diphosphate;
NBD, nucleotide binding domain; Po, open probability; PKI, PKI(5-24)-amide
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kinase (cAK) in the presence of ATP (3-5). CFTR can also be activated by a specific isoform of .
c¢GMP dependent protein kinase, cGKII (6) and to a minor extent by the Ca™ and phospholipid
dependent protein kinase, PKC (5,7). _

Apart from regulation of CFTR by the serine/threonine protein kinases cAK, ¢GKII and
PKC, several groups have studied the involvement of tyrosine kinases in the regulation of
CFTR. Indeed, genistein, a tyrosine kinase inhibitor (8,9), was able to activate CFTR in CFTR
transfected cell lines (10-12) and in CFIR expressing HT29/B6 adenocarcinoma and T84
colonic epithelial cells (10,13). Furthermore, genistein provoked chloride secretion in the shark
rectal gland (14), and enhanced the cAMP induced chloride secretion across rat distal colon
(15). In both tissues, the genistein induced chloride secretion was dependent on the activation
of CFTR-chloride channels, Genislein did not activate CFIR by increasing the [cAMP]; (10,11)
or by activation of cAK (12}, but its action was dependent on basal cAMP levels (13) and cAK
activity (12), suggesting a possibie action as a protein phosphatase inhibitor (12,13). Among
other tyrosine kinase inhibitors tested, only tyrphostin 47 (10) and B42 (1), but not tyrphostin
51 and 25, herbimycin, AG126 and cantharidin (H.R. de Jonge, unpublished data) were able to
activate CFTR in NIH-3T3 fibroblasts. Similar observations were made using other cell types
(13).

Although genistein is a tyrosine kinase inhibitor, the involvement of a tyrosine kinase in
CFTR regulation has not been demonstrated directly, Genistein has a variety of other effects,
which can not be attributed to tyrosine kinase inhibition. For example, genistein analogues that
are inactive in tyrosine kinase inhibition, like daidzein (9), were as effective as genistein in the
inhibition of L-type calcium currents (16) and the inhibition of platelet activation (17). Also, the
concentrations used for genistein inhibition of prostaglandin synthesis failed to correlate with a
reduction in tyrosine phosphorylation (18). Furthermore, the voltage gated potassium channel in
vascular smooth muscle cells was blocked by genistein through a tyrosine kinase-independent
pathway (19). Finally, genistein inhibited DNA topoisornerase II (20), probably through a direct
interaction at the ATP site.

In this study we further examined the mechanism by which genistein activates CFTR in
NIH-3T3 fibroblasts. CFTR activation by genistein was previously demonstrated in this cell
type by "PLefflux assays and cell-attached or whole-cell patch clamp analysis (10-12). Here we
present conditions in which genistein remains capable of enhancing CFTR-chloride channel
activity in excised inside-out membrane patches in the absence of cytosolic factors. These
conditions allowed us to demonstrate that genistein neither acts via the inhibition of a tyrosine
kinase, as was postulated initially (10), nor by the inhibition of a protein phosphatase as was
suggested later (12,13). Instead, we propose that genistein directly acts on CFIR. The
possibility is discussed that genistein competes with ATP binding at one of the two nucleotide
binding domains of CFTR.

EXPERIMENTAL PROCEDURES
Muferinls: Genistein, genistin, AMP-PNP, ATP, GIP, and ATPYS were all obtained from Sigma. PKI, the

Walsh inhibitor peptide (PKI(5-24)-amide) was obtained from Dr. U. Walter, Wiirzburg, Germany. The
catalytic subunit of type Il cAMP dependent protein kinase A (cAK} was purified from bovine heart as
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described (21).
Cells and CFTR Expression Systems: JEC-CF7 cells were obtained by stable transfection of the rat fetal
intestine-derived TEC-6 cell line with a plasmid encoding CFTR (22). NIH-3T3 fibroblasts expressed
CFIR after infection with a retroviral vecior encoding CFIR (7}, Cells were maintained as described
(7,22).
Patch Clamyp Technique: Patch clamp experiments were performed as described by Hamill et al (23), Patch
pipettes, borosilicate glass (Clark CG150-TF) were pulled to a resistance of 3-5 MOhm and heat polished.
Excised inside-out patches were transferred to a solution exchange compartment (24). Pipette potential
refers to the voltage applied to the pipette interior with reference to the bath potential. Upward
defections denote negative charge flowing out of the pipeite. A List EPC-7 amplifier was used for current
amplification and voltage clamping. Membrane voltage was continuously clamped at +40 or 40 mV,
except when performing current-voltage relationships. Data were filtered using an eight-pole Bessel
filter, digitized with a Digidata 1200 {Axon instruments} and stored on a personal computer. Data was
 analyzed by means of pClamp, version 6.0.2 (Axon Instruments). CFTR-channel activity was observed as
anion channels (Cl is the only conductive ion in the Ringer's solution} vith a linear slope conductance of
7.240.2 pS (n=6), activated by cAK and ATP. In the presence or absence of genistein CFIR exhibited
similar slope conductance and linearity. CFTR expression varied per batch and passage number, as is
apprent from a comparison of the maximal currents shown in Figs. 1 and 3. The high density of CFIR-Cl-
channels in membrane patches of NIH-3T3-CFIR fibroblasts hinders the accurate determination of the
number of channels, therefore, channel activity in these patches was generally expressed as the average
current (after leak current substraction), rather than as the number of open chanmels. The compaosition of
bath and pipette solutions was (mivl} 140 N-Methyl-D-Glucamine, 1 EGTA, 3 MgCl and 10 Hepes-HCl
{pH 7.3, final Cl' concentration 147 mM)}. Experiments were performed at 37°C, Data given represent

average £ SE.

RESULTS

Genistein action requires ATP and prephosphorylated CFTR: NIH-3T3-CFTR fibroblasts
stinulated with 100 uM genistein displayed a CFTR like Cl” channel activity in cell attached
membrane patches (not shown), as previously reported (11) and in agreement with CI” efflux
data (10-12). We next examined whether CFTR could be activated by genistein in excised
membrane patches using patch clamp analysis. Membrane patches were incubated for 7 minutes
with 2 milliunits/ml catalytic subunit of cAMP dependent protein kinase (cAK) and 2 mM ATP
to obtain maximal CFTR activation (cf, Ref. 3). Subsequent addition of 100 pM genisicin
caused a further increase in CFTR activity by 115£18% (n=10; see Fig. 1A), The increased
activity, i.e. hyperactivation, occurred within 30 seconds and was fully reversible. Since
phosphorylated CFTR can be opened upon the addition of ATP alone (3), we tested whether
subsequent addition of genistein could still cause hyperactivation of CFTR. As shown in Fig.
1C, CFTR activity was reduced by =30% upon removal of cAK, most likely as a result of partial
dephosphorylation (cf. Refs. 3,6). However, even in the absence of cAK, genistein remained
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able to further enhance CFTR activity (64.5+11.4% increase compared with activation by ATP
alone; Fig. 1C). Reversal of the order of administration, i.e. ATP plrs genistein first, followed
by ATP alone provided similar results (51.4+12.0% increase in activity as compared with ATP
alone; Fig. 1C). These findings not only exclude the possibility that genistein hyperactivates
CFTR by increasing cAK activity, but also argue against the concept that genistein inhibits
CFTR dephosphorylation. Under these conditions, genistein action was critically dependent on
the presence of ATP, as no CFTR activity was observed in the absence of ATP (Fig. 1B). In
addition, genistein action required a (partially) prephosphorylated state of CFTR, as no CFTR
activity was observed in freshly excised membrane patches exposed to genistein in either the
presence or absence of 2 mM ATP {not shown). This finding also rules out the possibility that
genistein acts through activation of an endogenous, CFTR-activating, protein kinase or the
inhibition of a counteracting protein phosphatase associated with the membrane patch. In
summary, we find that the minimal requirement for genistein activation of CFTR in excised
membrane patches is i) a cAK {pre-) phosphorylated state of CFIR and ii) the continuous
presence of ATP.

A lower concentration of genistein (20UM) was also effective in the hyperactivation of
phospherylated CFTR (Fig 2); the average increase in CFIR activity was 70226% (n=3),
compared with maximal activation by cAK and ATP alone. Genistin, the 7-glucose isoflavone
form of genistein is often used as an inactive analogue of genistein, like daidzein, in tyrosine
phosphorylation assays. Upon addition of 100uM genistin, the increase in CFTR activity, as
compared with maximal cAK plus ATP activity, was only minor (34£14%; n=5; see Fig. 2).
DMSO, the solvent of genistein and genistin, bad no effect on CFTR activity in this assay: 0.1%
DMSO resulted in a 3.548.0% increase in CFTR activity ( n=3).
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Fig. 1. Activation of CFTR by genistein in the excised inside-out membrane patch from NIH-3T3 CETR
fibroblasts, Data points represent average current levels during 30 second intervals. Panel A) Genistein (100pM)
increases CFIR activity in excised patches. CFTR maximally activated by cAK and ATP can be further activated by
genistein, and this hyperactivation is reversible. Left panel, typical example of an individual experiment, right panel:
summary of all experiments. Panel B) In the absence of ATP, genistein failed to activate CFTR. Panel C) Hyperactivation
of CFIR does not require the continuous presence of cAK. Left panel: typical example of an individual experiment.
Middle and right panels, summary of ali experiments. Middle panel: Pre-phosphorylated CFTR was incubated with
genistein and ATP, followed by incubation with ATP alone. Right panel: similar experiments, but with a reversed order of

addition.
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Fig. 2. Activation of CFIR by genistein, genistin and AMP-PNP. A protocol similar to Fig. 1A was
followed. The platean level of CFTR activity reached in the presence of cAK and ATP could be elevated further by
additton of 100uM (see also Fig. 1A} or 20uM genistein. In comparisen with genistein, 10010V genistin had only a miner
effect on CFIR activity under these conditions. AMP-PNP (0.5 mM), like genistein, also increased CFIR activity in this
assay. Addition of 0.1% DMSO had no effect (not shown).

Genistein does not hyperactivate CFTR via the inhibition of a protein phosphatase:
Thiophosphorylation js relatively resistant to protein phosphatases (235}, and thus can be used to
study the involvement of protein phosphatases in the hyperactivation of CFTR by genistein.
First, we established standard conditions to obtain CFTR thiophosphorylation. To achieve this,
we incubated a membrane patch with 2 milliunits/ml cAXK and 3 mM ATPYS for 7-9 minutes.
During this incubation, CFTR remains virtually inactive (Figs. 3 and 4). Replacement of cAK
and ATPYS by 2 mM ATP and 0.2 uM PKJ, the Walsh inhibitor peptide of cAK, immediately
resulted in a low level of CFTR channel activity (Figs. 3 and 4), indicating that CFTR
thiophosphorylation had occurred. Under these conditions however, critical phoesphorylation
sites in CFTR became only partially thiophosphorylated as the subsequent incubation with 2
milfiunits/m! cAK and 2 mM ATP further increased CFTR channel activity by 1290+380%
{n=4; see Fig. 3A). Nevertheless, these subsaturating thiophosphorylation conditions appeared
ideally suited to obtain large stimulatory effects of genistein in the presence of 2 mM ATP.
100uM genistein increased CFTR channel activity by 483x139% (n=4; see Figs. 3B and 4C}.
This effect of genistein on protein phosphatase resistant, thiophosphorylated CFIR, in the
absence of cAK, eliminates the possibility that genistein exerts its action via the inhibition of &
protein phosphatase. In contrast, a 1.0£28.2% decrease in CFTR changel activity (n=4; see Fig.
6) was observed in presence of 100pM genistin. This argues against a non-specific interaction
of genistein with CFTR under our assay conditions.

Genistein does not hyperactivate CFIR via the inhibition of a tyrosine kinase: Tyrosine kinases
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do not efficiently use hydrolyzable nucleotide triphosphates other than ATP as a phosphate
donor for phosphorylation (26). In contrast, several of these compounds were able to interact
with the nucleotide binding domains (INBD's) and to substitute for ATP in CFTR activity assays
(3). The difference in nucleotide triphosphate specificity between CFTR and fyrosine kinases
was exploited to investigate the involvement of tyrosine kinases in the hyperactivation of CFTR
by genistein. Similar to previous experiments, we first thiophosphorylated CFIR in the excised
patch by the addition of cAK and ATPYS. After a 7-9 minute incubation we removed the kinase
and ATPYS and replaced it by 2 mM GTP and 0.2 yM PKI, We found that the addition of GTP,
in absence of ATP, is sufficient to open CFIR chloride channels (Figs. 5A and C). This
confirns the initial observation that GTP can open prephosphorylated CFTR at an efficiency of
=60% of maximal activation by ATP (3). Subsequent addition of 100uM genistein caused a
rapid and large increase in channel activity, amounting to 653+222% of the activity in the
presence of GTP alone (n=4; see Figs. 5B and 6). This stimulation is skightly higher than the
hyperactivation of thiophosphorylated CFTR by genistein in the presence of ATP. Under these
conditions, the involvement of a tyrosine kinase was virtually excluded by the use of GTP. In
conclusion, genistein does not seem to hyperactivate CFTR by means of tyrosine kinase
inhibition,

Genistein increases the mean open burst time of CFTR: In a few paiches, the channel frequency
was sufficiently low to allow the analysis of the effects of genistein on the single channel
characteristics of CFTR. 1n Fig. 7, a tracing is shown of an excised patch containing a single
CFTR chloride channel. Following its phosphorylation by cAK and ATP the mean open burst
time was 334443 ms, which increased upon the addition of 100uM genistein to 1002:£180 ms.
The increase in open burst time resulted in a marked increase in channel open probability (Po)
from 0.10 to 0.31. A qualitatively similar effect was observed in IEC-CF7 intestinal epithelial
celis which showed an increase in Po from 0.34+0.05 to 0.46:+0.06 { n=3; not shown).
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Fig. 3. Thiophosphorylation assay of CFTR. Panel A) An assay was developed to obtain stable, phosphatase
resistant thiophosphorylation of CFTR. Incubation of CFIR with 2 milliunits/ml cAK and 3 mM ATPyS did not result in
channel activity. Upon removal of the kinase and ATPYS, the addition of 2 mM ATP (in the presence of 0.2uM PKI)
resulted in some CFTR channel activity. Subsequent incubation of CFIR with 2 milliunits/ml cAK (In the absence of
PKI) resuited in a further increase in channel activity, demonstrating that the thiophosphorylation of CFIR was only
partial. Panel B) thiophosphorylated CFTR could still be hyperactivated by genistein in the absence of cAK,
demonstrating that genistein does not act via phosphatase inhibition. Left panels: example of a typical experiment, rght
panels: Increase in CFTR activity as compared to ATP alone, summary of all experiments.

Genistein hyperactivates CFIR via a unique mechanism: Our results show that genistein
hyperactivates CFTR by an increase in the Po and open burst time. Interestingly, 5-adenylyl
imido diphosphate (AMP-PNP)}, a nonhydrolysable triphosphate, was also reported to increase
the Po of CFTR by increasing the open time (27,28). Therefore, we compared the effect of 0.5
mM AMP-PNP with genistein in the excised patch. We found that AMP-PNP indeed
hyperactivated CFTR following its phosphorylation by cAK and ATP (Fig. 2). The increase in
activation was 99.8+26.7% (n=4), similar to the enhancement observed by 100uM genistein. In
contrast, AMP-PNP failed to potentiate thiophosphorylated CFTR in the presence of 2 mM
ATP (Fig. 6). Rather, a decrease by 38+12.3% (n=4) as compared with the activity in the
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presence of ATP was observed. This contrasts with the large stimulatory effect of genistein
under the same assay conditions (Fig. 6). These results confirm the concept that AMP-PNP can
only potentiate fully phosphorylated CFTR, and has no effect on partially phosphorylated CFTR
{27,28). Because genistein action does not require fully phosphorylated CFIR, it is also clear
that the interaction between CFTR and genistein is different from its interaction with AMP-
PNP,
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Fig. 4. Genistein does not hyperactivate CFTR by phosphatase inhibition. A typical example of an
experiment, performed under conditions of Fig. 3B, with a low amount of channels preseat. Panel A) Incubation of CFTR
with 2 milliunits/ml cAK and 3 mM ATPYS showed virtually no CFTR activation, Panel B) Removal of cAK and ATPYS
followed by addition of 2 mM ATP resukted in a low level of channel activity. Panel C) Subseguent addition of 100pM
genistein caused a large increase in channel activity. Note the absence of a significant lag-time for the effect of genistein
on CFIR; the membrane patch was manipufated in a way that it instantanecusly faced the genistein plis ATP containing

solution.

DISCUSSION

iIn this study we successiully reconstituted CFTR activation by genistein in excised
inside-out membrane patches. We used this approach to further delineate its mechanism of
action. Previous studies on the effect of the tyrosine kinase inhibitor genistein on CFTR chloride
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channels have been confined to intact or permeabilized cells in which chloride channel activity
was measured by 57 efflux, Ussing chamber, or whole- and cell-attached patch clamp analysis
(10-15). First we found that genistein alone or in the presence of ATP was unable o activate
non-phosphorylated CFTR in membrane patches from NIH-3T3 fibroblasts, and therefore does
not act as a channel opener like NS004 (29). Instead, genistein activation of CFIR required both
ATP and prior phosphorylation of CFIR by cAK. The cAK dependence was suggested
previously on the basis of inhibitory effects of the cAK inhibitor H-89 on genistein-provoked
127 efflux in NIH-3T3-CFTR fibroblasts (12). In conclusion, genistein is only able to further
activate (hyperactivate) already active CFTR. Since hyperactivation of pre-phosphorylated
CFTR was also observed in the absence of cAK, genistein did not enhance CFTR activity by
increasing cAK activity, or by facilitating the net phosphorylation of CFTR.
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Fig. 5. Genistein does not hyperactivate CFTR by tyrosine kinase inhibition, Panel A} Thiophosphorylated
CFTR can be activated by the addition of GTP. Subsequent addition of 100pM genistein drastically increased channel
activity. Panel B) Summary of all experiments performed, Panel C) Typical example of an experiment skown in panel A
with low numbers of CFTR chloride channels. Top three tracings: Thiophosphorylated CFIR in the presence of 2 mM
GTP and PKL Lower three tracings: 100uM genistein plus 2 mM GTP.
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Partial phosphorylation is sufficient for CFTR opening by genistein: Using
thiophosphorylation conditions described in this paper, we could subsequently activate CFTR
upon the sole addition of ATP. However, CFTR was not fully (thio)phosphorylated, as i)
subsequent incubation with cAK and ATP increased channel activity 212 fold, and if) AMP-
PNP did not further increase the activity of thiophosphorylated CFTR. This hydrolysis-resistant
ATP analogue requires folly phosphorylated CFTR to increase channel activity (27,28). Our
observation that partially phosphorylated CFTR corresponded to an intermediate state of CFTR
activity is in agreement with the mode} presented by Gadsby and coworkers (30). Interestingly, a
low level of pre-phosphorylation is apparently sufficient to allow hyperactivation of CFTR by
genistein. The relative enhancement of CFIR activity is even more pronounced in partially
(thio)phosphorylated CFTR (483%) than in fully phosphorylated CFTR (118%; sce results).

1800
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Fig. 6. Activation of thiophosphorylated CFTR. A protocol was followed similar to the one used in Fig. 3.
Thiophosphorylated CFTR in the presence of ATP, or GTP where indicated can be further activated by 2 milliunits/ml
cAK or 100uM genistein, but not by 100pM genistin or by 0.5 mM AMP-PNP.
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These results, when extrapolated to intact cells, suggest that a very low level of CFTR
phosphorylation is a prerequisite for genistein activation of CFTR. As a consequence, subtle
differences in the basal phosphorylation state of CFTR between different cell types (or different
assay conditions) would explain the variable efficacy of genistein as a CFTR activator. For
example, the rather small effect genistein has on chloride secretion in the rat distal colon (15) -
and in the HT-29.cl.19A colonic cell lire (31) may result from a very low basal state of CFTR
phosphorylation. However, we cannot rafe out the possibility that the action of genistein on
CFTR in intact cells is more complex and involves additional interactions, lost by membrane
excision. Genistein was recently reported to promote net phosphorylation of CFTR in intact
NIH-3T3 fibroblasts, possibly through inhibition of CFTR dephosphorylation (12). However,
the data from this study do not allow to discriminate between possible (inhibitory) effects of
genistein on profein phosphatase activities, or on the susceptibility of the substrate (ie. a
putative CFTR-genistein complex) to undergo dephosphorylation.
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Fig. 7. Genistein prolongs burst duration of CFTR. Panel Ay CFIR was maximally activated by cAK and
ATP. Panel B) Subsequent addition of H00pM genistein resulted in an approximate 3- fold increase in burst duration.
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Genistein hyperactivates CFTR by direct interaction with NBD2: Our results clearly indicate
that genistein is able to hyperactivate thiophosphorylated CFTR, eliminating the possibility that
genistein modulates CFTR activity via the inhibition of a protein phosphatase {(Figs. 3B and 4).
Furthermore, we found that replacement of ATP for GTP as a hydrolyzable triphosphate to open
CFTR, did not impair the ability of genistein to enhance CFTR activity (Fig. 5). As GTP is a
poor phosphate donor in tyrosine kinase assays, this finding strongly argues against the
hypothesis that genistein hyperactivates CFTR via tyrosine kinase inhibition. We also found that
genistein induces a prolonged burst duration of CFTR. This action was not observed before in
excised inside out patches from 3T3 fibroblasts (32). A prolonged buzst duration is a typical
characteristic of CFTR mutant proteins that fail to perform ATP hydrolysis at NBD2 but not
NBIM ¢28,33). From these data it was hypothesized that ATP hydrolysis at NBD1 causes
channel opening whilst hydrolysis at NBD2 causes channel closure. Hence, agents that prevent
or interfere with ATP hydrolysis, i.e. AMP-PNP (27,28), PPi (34}, or VO4 and BeF; (35), can
induce a prolonged burst opening. We therefore suggest that genistein likewise induces
prolonged burst duration by intervening with ATP hydrolysis at one of the NBD's,

Genistein inhibits tyrosine kinase activity by binding to nucleotide binding domains (9).
Genistein may also interact with the nucleotide binding domains of other proteins, as was
suggested before for DNA-topoisomerase I (20). A commen sequence characteristic of the
ATP site shared by protein tyrosine kinases, is G X G X X G....K. This sequence is also found
in PKA and PKC, and is common to Walker A type ATP binding motifs. Alignment of
sequences between tyrosine kinases and DNA-topoisomerase II yielded a striking homology
(20). Interestingly, when a search was conducted for the sequence GXGXXG...K within the
CFTR protein, we identified sequence homologies at both NBD's. The highest homology match
was found at aa 1236-1253 in NBD?2 with homology streiching N-terminal to the actual ATP-

binding motif.

H topo IT EKTLAVSGLGVVEG RDEYGYV
CPFTR 1236-1253 PG QRVGLLGRTG SGKSTHL
c-erb-B2 RKVKVLGSEGAFGTVYEGTI
CFTR 450-467 RGQLLAVAGSTE AGEKTSL

The location of a potential genistein binding site within NBD2 suggests that genistein may
hinder ATP hydrolysis at this site. This putative genistein binding site lies within the conserved
P-loop, which contacts the polyphosphoryl moiety of bound nucleotide triphosphates. Mutations
of the conserved lysine within this loop (K1250) result in prolonged burst duration (28,33),
quite like observed in this study. We therefore postulate that genistein binds to NBD2, which
causes an impairment of ATP hydrolysis at this site, resulting in a prolonged channel open time.
Interaction of genistein with this site, in contrast to the binding of ATP or AMP-PNP (27),
apparenily does not require a fully phosphorylated form of CFIR, but also occurs efficiently in
a partially phosphorylated state.
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CFTR is not the first ion transporter to be modulated by genistein. Effects of genistein

on jon channels and transporters include i) inhibition of the Na'K*Cl' cotransporter in brain
capillary endothelial cells (36), ii} inhibition of a basal and calcium activated potassium channel
in rat distal colon (15), ii) inhibition of a basolateral potassium current in HT-29/B6 (13), iv)
inhibition of a voltage gated potasium current in vascular smooth muscle cells (19), v) inhibition
of L-type calcium currents in rat ventricular celis (16), vi) inhibition of neutral NaCl absorption
and Na*-H" exchange in rabbit brush border membranes (37), and vii) inhibition of MRP-1,
another member of the ATP-binding cassette (ABC) transporter superfamily (38). Aithough the
mechanism underlying ion transport inhibition by genistein has not yet been established, it is
tempting to speculate that genistein, analogous to its putative action on CFTR, may interact
directly with the transporters at an ATP-modulatory site.
Therapeutic potential of genistein: At present, genistein is under investigation as a possible
anticancer therapeutic (39-41). Genistein is present in soy-food, and diet supplementation might
be sufficient for beneficial effects (42). The results of the present and previous studies suggest
that genistein might also be of benefit to some CF patients in which a residual CFTR activity is
present. Our preliminary attempts to activate AF508 CFTR-chloride channels in NIH-3T3
fibroblasts revealed a strong synergistic activation of mutant CFTR by a combination of
genistein and cAMP agonists (43). This property of genistein would render it an interesting
therapeutic for CF, as genistein would only hyperactivate mutant CFTR channels in the
additional presence of an endogenous secretagogue. The IC50 for CFTR activation is about
12.540uM (10,13,14), just above the presumed upper limit for the seruin genistein
concentration under high soy diet (13.2uM;39). Currently, we are investigating the in vitro
effects of genistein on chloride secretion in intestinal mucosa from CF patients. Also, we are
exploring the possibility of diet supplementation as a CF therapeutic in a AF508 CFTR mouse
model with residual CFTR activity (44,45). Finally, the distinction between the action of
genistein as a CFIR-Cl” channel opener and as a tyrosine kinase inhibitor revealed by the
present study may open perspectives for the development of genistein-based CF therapeutics
showing increased affinity for CFTR but reduced affinity for tyrosine kinases or other ion
transporters.

We acknowledge Dr. Michael J. Welsh (Howard Hughes Medical Institute, University of lowa, College
of Medicine, Iowa city} for donating the 3T3-CFIR fibroblasts and Dr. SM. Lohmann (Medical
University Clinic, Wilrzburg, Germany) for providing us with the purified catalytic subunit of cAK.
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Fiuid Transport In The Trachea Of Normal And CF Mouse

P.J. French, R.H.P.C. Peters, J.H. van Doorninck, W.H. Colledge”, R. Ratcliff*, M.J.
Evans*, B.J. Scholte and J, Bijman

Departments of Cell Biology and Genetics, Pobox 3000 DR, Rotterdam, the Netherlands and * Wellcome/CRC,
Tenais court Rd Cambridge CB2,10R, UK

We set out to examine the role of CFTR in active fluid transport in the murine
trachea. For this aim, normal- and CF murine trachea's were mounted in a
modified Ussing-chamber to measure net flux of water (JH20 net), transmural
Potential Difference- (PD¢r) and Resistance (R¢;), Compounds known fto
interfere with NaCl-transport (amiloride, carbachol, IBMX, forskolin) across
the tissue were evaluated for their effect on JH,0 net and elecirical parameters.
A basal state of net fluid resorption from the lumen was observed (0.41%0,23
plftrachea/2hrs) in the wunstimulated mouse frachea, With amiloride (0.1
mmol/l} in the lumen I.q decreased and net water movement was abolished
(0.080£06 pl/trachea/2Zhrs). The addition of forskolin (10 pmol/l), or
forskolin and IBMX (0.2 mmol/l), resulted in a hyperpolarization of PDy
indicating activation of a luminal chloride conductance. Although
forskolin/IBMX tended to decrease fluid resorption, it failed fo reach
statistical significance, A combination of forskolin/IBMX and amiloride did
not result in a net secretion of water, suggesting that the murine trachea is not
capable of secreting significant amounts of fluid. Electrophysiological
parameters, JH30 nets and the net changes in JH;0 net to amiloride and
forskolin/IBMX, were similar in both normal (CFTR +/+ and +/-) and CF
(CETR -/-)- mouse trachea, indicating that CFTR is not involved in the fluid
transport across mouse fracheal epithelium, Our results suggest that both in
normal- and CETR(-/-)- mouse trachea amiloride sensitive net fluid uptake is
present which is attenuated similarly in the two tissues by forskolin/IBMX,
suggesting that CFTR is not involved in this process,

Cystic Fibrosis (CF1) is a common lethal genetic disease in the Caucasian population,
affecting 1;2500 new-borns (for review see (35)). The disease is caused by mutations in the

! The abbreviations used are: CF, cystic fibrosis; CFTR cystic fibrosis ransmembrane conductance regulalor;
DIDS, 4.4’ -diisothiocyanatostilbene-2,2’ -disulfonic acid; DPC, diphenytamine 2-carhoxylate; IBMX, 3-isobutyl-
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gene encoding the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) (22, 29,
30) which forms a cAMP and ATP regulated chloride channel (2a, 5, 7, 21, 34) and is
expressed in the apical membrane of various epithelial cells (11, 14). Although the gene
defective in CF has been identified, CF disease pathogenesis is still a poorly understood
process. It has been proposed that mucus plugging of small airways and ducts, a characteristic
CF disease symptom, is caused by a defective transepithelial fluid transport, resuiting in an
insufficient hydration of mucus. The dehydrated mucus is viscid and difficult to clear, and
these changes in the rheological properties may explain the mucus plugging and subsequent
inflammation in CF.

In fluid transporting epithelia like gallbladder and renal proximal tubule, isotonic fluid
transport is dictated by the active transport of ions. In the absence of apical CFTR chloride
channels the transepitheliat fluid transport therefore may be altered, Indeed, a reduced cAMP
induced fluid secretion was found in CF pancreatic (13, 23, 24) and pulmonary (19, 32)
epithelia. In addition, both CF mouse intestine (15 and PJF, unpublished observations) and
gallbladder (26) fail to secrete fluid when stimulated with cAMP agonists. A CFTR dependent
fluid secretion was also found in ADPKD (autosomal dominant polycystic kidney disease) cells
(12). :

Aithough these observations clearly indicate an active roie for CFTR in the process of
fluid secretion, measurements of fluid transport across pulmonary epithelia have been restricted
to cultured cell systems. The presence of multipie cell types (e.g. ciliated and goblet celis) in
intact pulmonary tissue, suggests a more complex model system than cell culture, and
electrophysiological differences between cell culture and the intact system have been reported
(17}. As a consequence, cultured pulmonary epithelia may not truly reflect the in vive situation.
We therefore studied the role of CFTR in fluid transport across the intact murine trachea in a
CF mouse model (28). The measurement of CFTR dependent fluid transport across intact
pulmonary epithelium may help understand CF airway pathogenesis.

MATERIAL AND METHODS

Tissue preparation: Mice were weighed and anaesthetised with hypnodil, 0.2 mg/g. Murine tracheas were
carefully excised from either adult C57BL/6 mice, or from age matched CF mice (28) (homozygous -/- CFTR
knockout mice), and normai mice (hetero-(+/-) and homozygous(+/+) litter mates). CF mice had a significant
tower weight compared to their normal litermates, 24.5 + 5.5gr {(n=22} vs, 19.4 + 3.5gr (n=16), respectively
(P<0.01). Alter excision, irachea’s were mounted at 4oC in a modified Ussing chamber (Fig. 1). The average
Iength of excised trachea’s was 4.7 mm, average diameter 0.85 mm, Fluid measurements were corrected for the
number of cartilage rings. On average, an excised trachea will account for approx. 0.11 cm? of epithelium.

PDyr and Resistance {Ryry measurement: In the perfused trachea (40 pifmin) PD,, was measured between agar
bridges inside the lumen of the trachea (£ 1 mm distal from the pipelle tip opening} and the bath, A small (0.2

1-methyl-xantine; 1oq, equivalent short circuit cusrent; Isc, short circnit current; Jyaonet, net fluid transport;
PD,,, transmural polential difference; Ry, transmural resistance.
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mm diameter) platinum wire was inserted into the lumen and one in the bath (ground) for homogenocus current
sending across the trachea. Current pulses (0.5-1 pA, 1 sec duration, 5 sec interval) were sent to calculate Ry;.
Fluid transport measurement; Net water movement (Jy,o net? across the tissue was determined in the non
perfused trachea. PDy, was measured before and after measuring Ji.0 net. also in a non perfused set-up. For
measuring Jp.0 e e trachea and holding pipettes were filled with water-saturated mineral oil. Subsequently, a
small defined droplet of Ringer's solution was positioned within the lumen of trachea. The velume of the fluid
was calculated by using a thin calibrated 0.3 mm internal diameter poly-ethylene capiltary. The resolution of this
method for net volume flow determination is ~40 nl (the volume in 0,5 mm Iength of capillary). After a period
of twa hours the droplet was recovered in the same tubing and its volume was redetermined. By rapid installation
and recovery of the droplet in the trachea (< I min, incubation), we determined the dead space of the trachea, 0.09
+ 0.04 pl {n=5), and all data described in this paper are corrected for this volume,

Solutions and chemicals: experiments were performed in a modified, air saturated, Ringer's sofution containing
(10 M); 133 NaCl, 5 KCl, 1.5 CaCly, 1 MgCly, 0.4 NaHoPQy, 0.3 NagHPOy, 5 Hepes, 5.5 Glucose, pH 74.
10" M indomethacin was added to the Ringer's solution in trachea experiments to block prostaglandin synthesis.
Measurements were begun afier a slow rise of the bath temperature (~20 min} (o 37°C. Amiloride (0.1 mM) was
added to the mucosal side of the tissue. Indomethacin (l()'5 M), Carbachol (10-5) and forskolin (103 M) were
added (o the scrosal side of the tissue, DMSO (1%. V/V) and ethanol (1%0 V/V) as solvents for amiloride and
forskolin respectively, did not affect R, and PD,, (n=5; not shown). All data are expressed as meantSD,

Trachea
Mineral oit
Ringer's

Fig 1. Schematic drawing of the set-up, A trachea is mounied onto two pipettes. Firsta
Ringer's solution is perfused trough the trachea, during which the PD was measured. In some
experiments, a 0.2 mm platinum wire was inserted into the lumen and one placed in the bath for
homogeneous current sending across the trachea (not shown). Then, water-saturated mineral oil is
perfused through the trachea. Within the oil a precisely defined droplet of Ringer's solution was
placed. The droplet was recovered afier two hours, and differences in volume of the droplet was

determined.

RESULTS
Bioelectrical properties of perfused normal and CF mouse frachea: Tn order to determine the

contribution of the ion-channels and transporters present in murine tracheai epitheliom, we first
measured the effects of various agonists {amiloride, forskolin/IBMX, carbachol, bumetanide,
phloridzin} on the PDy and Ry of the trachea of CFTR -/- mice (CF mice) and their normat
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homozygous +/+ and heterozygous +/- litter mates (normal mice}. Typical examples of

experiments are shown in figure 2. Depicted in figure 3 are the equivalent short circuit currents

(qu, calculated from PDy and Ry using Ohm's law) of the perfused trachea,
I

amil fors/[BMX carba

amil fors/IBMX carba
Fig 2. Typical examples of PD responses of normal mouse trachea’s (o amiloride, forskolin/IBMX
and carbachol. Voltage deflections are responses to 1 nA current pulses. Upper and middle tracing:
normal mouse trachea, lower tracing: CF mouse trachea. Amiloride depolarises the lumen, whereas
forskolin/IBMX induce hyperpolarization. Carbachol induces a large hyperpolarization in combination
with a marked decrease in resistance. In the presence of bumetanide, the baseline Py decreases, and
responses o forskolin/IBMX and carbachol are reduced.

Blocking the apical sodium conductance by the addition of amiloride resulted in a significant
depolarisation with small effect on R in both normal (fig 2, apper tracing) and CF mice {fig 2,
lower tracing). The subsequent addition of forskolin/IBMX induced a luminal
hyperpolarizations in both normal and CF mice {fig. 2, upper and lower tracing), with only
minor effect on Ry, This luminal hyperpolarization was due to an increased chloride
permeability as reduction of the luminal chioride concentration resuited in a further
hyperpolarization of the luminal membrane {not shown). In both normal and CF mice, the
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tissues response to forskolin/IBMX could not be inhibited by the addition of DIDS, a blocker
of Ca2+ activated chloride channels, but the forskolin/IBMX response could be prevented
completely by the addition of DPC, a blocker of the CFTR chloride channel {not shown).
Carbachol, by increasing the intracelular Ca2+ activity, induced a marked hyper-polarisation
combined with a large reduction of tissue resistance in both normal and CF mice. Blocking the
basolateral Na¥*/K*/Cl- cotransporier by addition of bumetanide resulted in a slow decrease in
PDy and increase in Ry, (average lgq reduction: 29+17%, n=4, figure 2, middle tracing).
Furthermore, addition of bumetanide markedly reduced the forskolin/IBMX and carbachol
induced chioride secretory response, average reduction in Ieq: 8310.2% (n=2) resp 77£18%
(n=4). Phloridzin, an inhibitor of the Na*/glucose cotransporter present in pulmonary epithetia
(3, 20), had no electrophysiological effect on the mouse trachea (not shown),

180

440 ; - normal
-

100
50

leq (WA.cm®)
TS
5 B

a3
<

-
o]

unstim amil fors carba

Fig 3. A summary of data calculated from tracings shown in fig 2, perfused set-up. In the basal state,
normal mice tracheas absorb sodium via amiloride sensitive chloride channels, No significant
differences in Igg's between normal and CF mice were detecied.

The bio-electrical properties of the mouse trachea as measured with our set-up were
qualitatively similar to those previously reported for the mouse pulmonary epithelia in vivo
(33), freshly excised (31, 17), cell culture (9, 17) and pulmonary tissues from other animals
(1, 2). We did not detect differences in the electrophysiological responses between normal and
CF mouse trachea. This was also reported by other groups for intact mouse trachea {4, 17) but
not for cultured mouse trachea {17). As the bioelectrical properties of the CF mouse trachea is
similar to previously published, we concluded that our set-up provides an excellent model to

study intact mouse pulmonary epithelium,
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Fluid transport in mouse trachea: Prior to the measurement of fluid transport, we determined
tissue viability of the mouse trachea by measuring the PD in a non perfused set-up (a similar
condition as used to measure fluid transport). Under these conditions, baseline PD's were
-9.313.7 mV for normal mouse trachea. Interestingly, a significant hyperpoiarisation was
observed in the CF mouse trachea {(-12.0+4.6 mV, P<{.05). Responses to agonists (amiloride,
forskolin/IBMX or both) were qualitatively similar to the perfused set-up in both normal and
CF mice (data not shown). Fig, 4 shows the net transport of fluid in the trachea of B57Bl/6
mice. A net absorption was observed in the unstimulated trachea. When a combination of 10
pM forskolin and 0.1 mmol/l amiloride was applied to the medium (bath and lumen), the net
fluid absorption was almost completely inhibited. The same method was used to investigate
fluid transport in the trachea of the CF and normal mouse. The results are shown in fig. 5 and
6. In norinal mice we observed a net fluid absorption of 0.37£0.25ul/trachea/2hrs in the basal,
unstimulated state. Net fluid absorption in normal and CF mice tracheas were comparable (see
fig 6) Application of 0.1 mM amiloride to both sides of the trachea almost completely inhibited
net fluid absorption in the normal mouse trachea to 0.0530.05 pl/trachea/2hrs, A combination
of 10 M forskolin and 0.2 mM IBMX, did not significantly inhibit net fivid absorption,
neither in normal mice nor in CF mice (fig 6). A combination of both amiloride and
forskolin/IBMX completely inhibited net fluid absorption in the normal mouse trachea, but no
significant amounts of fluid secretion were observed.

Tissue viability after experimentation was checked by redetermining the PD in
(unstimulated) C57BY6, normal, and CF mouse tracheas, and were -4.940.5 mV (n=3),-
2.5t1.4 mV (n=8), -2.5£1.4 mV (n=5) respectively. The response to carbachol after
experimentation was -13.6+3,3 mV (n=3) in normal mice and -15.7£6.7 mV (n=3) in CF

mice.

DISCUSSION
Water transport in normal mouse trachea: To our knowledge this report is the first in which

measurements of fluid transport in intact, excised (mouse) tracheas have been performed. Our
results indicate a basal state of fluid absorption of approximately 0.4 plftrachea/2hrs,
corresponding to ~1 pl/cm?2/h, The addition of amiloride almost completely inhibited the fluid
absorption, indicating that amiloride sensitive Nat transport is responsible for the fluid
absorption in the basal state of the mouse trachea. The addition of forskolin and IBMX did not
have a significant effect on fluid absorption, and no significant net fluid secretion was observed
in the combined presence of amiloride and forskolin/IBMX.
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Fig 4. Net fluid transport in C57b/6 mice trachea. Unstimulated trachea's absorb net fluid.
Addition of forskolin and amiloride markedly reduces the net fluid absorption.

Previgus reports of studies on fluid transport across cultured pulmonary epithelia show
similar results: i) a basal state of absorption {range 0.13 - 4.4 ullcmzlh (6, 19, 31)), ii),
forskolin/IBMX do not significantly inhibit fluid absorption {31), and, iii) amiloride almost
completely inhibits absorption (6, 19, 31). Thus, in spite of differences in tissue origin (human
nasal epithelium), cell culture, and experimental set-up, our data are qualitatively similar and
quantitatively within the same order of magnitude as previously published data by other
groups. A calculation of the maximal amounis of fluid transported (under basal conditions) by
electrogenic ion transport (Igq of 20 ftAfem?) predicts a Jipo net of 1.1 (ulftrachea,2hr or 4.1
Wem2 h), thus also within the same order of magnitude as our results,

A major difference between our data and those reported by others {19) in cultured
human pulmonary tissue, is that we did not observe significant amounts of net fluid secretion in
the combined presence of amiloride and forskolin/IBMX, This discrepancy may reflect a
species differences between mouse and human pulmonary epithelium, but alternatively may be
due to differences between cell culture and intact tissues. It follows that, contrary to human
pulmonary epithelium (19), mouse tracheal epithelium can only modify the airway surface fluid
via active fluid absorption and not by active fluid secretion. The inability of the mouse trachea
to actively secrete significant amounts of fluid indicates that the airway surface fluid lining the
pulmonary epithelium is derived from a different, more distal, source. In humans, the
submucosal glands may provide a source for proximal airway fluid secretion, these are
however virtually absent in the murine trachea (25). There may not he a need for the mouse
trachea to actively secrete large amounts of fluid, as there is a constant fluid supply from distat
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airways, and the large decrease in surface area in proximal airway fluid transport primarily will
require an absorptive state of the epithelium. Furthermore, humidification of inspired air occurs
mainly by the nasal epithelium (18). Therefore, a reduction in fluid absorption could be
sufficient to modify the surface liguid and secure airway clearance.

water transport in the CF mouse trachea: Our results indicate that the basal state of the CE
mouse trachea is fluid absorption amounting to 0.40£0.2 ul/trachea/2hrs (~1 p,l/hr/cxn2). We
did observe, in the nonperfused set-up only, an increased PDy in the CF mouse trachea; a
typical characteristic for CF epithelia (see e.g. (8, 27)). However, as the basal fluid transport
across murine tracheal epithelium is similar between CF and normal mice, the increased PDy; of
CF mouse trachea (non perfused set-up) does not correlate with an increased fluid absorption.
Therefore, in contrast to the hyper absorption cbserved in human CF pulmonary epithelia by
Jiang et al (19), intact murine CF tracheal epithelium do not hyper absorb fluid. A normal fluid
absorption was also found by others in cultured CF human pulmonary epithelium (31). The
differential observations may be due to differences in experimental set-up, as Jiang and co-
workers (19) have used a perfused set-up, whereas our data, as well as those obtained by
Smith et al (31) have been obtained in a static, non perfused set-up. In the more physiological
situation of a static set-up, the generation of supraepithelial salt gradients may determine the
actual amount of salt and fluid transported, whereas in a perfused set-up fluid and electrolyte
absorption is determined by the bath composition.
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7 (0 4) (4)
Fig 5. Net fluid transport in normal mice trachea, Unstimulated normal mice trachea’s absorb fluid.

forskolin and IBMX inhibit net absorption, amiloride almost completely inhibits net fluid absorption
whereas a combination of amiloride, forskolin and IBMX completely abolishes net absorption,
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Fig 6. Net fluid transport in normal and CF mice trachea. CF mice trachea absorb fluid at a rate no
greater than normal mice trachea. Forskolin and IBMX inhibit net fluid absorption in the CF mice
trachea; the magnitude of the inhibition is similar to the inhibition seen in nonmal mice trachea.

In CF mice, like In normal mice, we could observe a trend towards a decrease in
absorption when trachea'’s were stimulated by forskolin/IBMX. However, both normal and CF
mice respond to forskolin/IBMX to a similtar extent, and therefore we conclude that CFTR does
not play a role in the active fluid transport across mouse tracheal epithelivm, As isotonic fluid
transport is dictated by the active transport of ions, a similar conclusion can be deduced from
the almost identical bioelectrical properties between normal and CF mouse trachea, Our results
show a several times larger tissues response to the Ca2* agonist carbachol than to cAMP
agonists, therefore the Ca?* activated currents may be of more importance to the physiology of
the mouse trachea. It has been suggested that a Ca2*activated chloride channel can compensate
for CFTR in CF mouse epithelia (10, 16, 36).

Summarising, the mouse trachea has a basal state of amiloride sensitive Nat
absorption, The role of CFTR in fluid transport is minor, and it is questioned whether CFTR
can be detected electrophysiologically in the mouse trachea, We conclude that CFTR does not
play an important role in the mouse trachea, thus providing an explanation for the absence of
pulmonary pathology in the CF mouse. As it is difficuit to detect CFTR in the mouse trachea,
the suitability of this tissue for gene therapy protocols seems rather questionable,

{Supported by the Dutch organisation for scientific rescarch (NWO)
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Dysfunction of the cystic fibrosis transmembrane conduc-
tance regulator ({CFTR) in humans is frequently associated
with progressive liver disease, which appears to result from
obstruction of biliary ducts with mucous material, CFTR in
the liver is expressed in the biliary epithelium. With the use
of a mouse model for cystic fibrosis (CF) we have studied the
relationship between CFTR expression and glycoprotein secre-
tion in primary culture of mouse gallbladder epithelial cells
(MGBC). MGBC in culture maintain a well-differentiated
phenotype as shown by microscopy, The cells produce CFTR
mRNA to levels comparable to the intact tissue. With patch-
clamp analysis we could frequently observe a linear protein
kinase A-regulated Cl- channel that shows all the major
characteristics of human CFTR, although its conductancé is
lower (6 pS compared with 8 pS). MGBC in culture produce
and secrete high molecular weight glycoproteins (HMG) in a
time-dependent and temperature-sensitive manner. Secre-
tion of HMG was not stimulated significantly by either
adenosine 3*,5'cyclic monophosphate {¢cAMP), Ca?*, or pro-
tein kinase C agonists in this system. High concentrations (3
mM) of extracellutar ATP stimulated secretion threefold, but
low concentrations (0.3 mM) had no effect, Approximately
one-third of the HMG produced and secreted consisted of
muein. Cultured MGBC from CFTR-deficient mice produced
and secreted mucin to a similar extent as normal cells. We
conclude that eultured mouse gallbladder cells are a conve-
nient model to study both CFTR funetion and mucin secre-
tion. In this system, we found no evidenee for a direct link
between mucin secretion and CFTR activity, as has been
suggested for other cell types.

cystic fibrosis transmembrane conductance regulator; glyco-
proteins

THE INTRAHEPATIC BILE DUCTS, as well as the cystic duct
and galibladder, are lined with epithelial cells with
distinet morphology. This epithelial cell layer plays an
important role in the regulation of bile volume and bile
pH, using a combination of ion-transport systems situ-
ated in both apical and basolateral membranes. In
addition to performing regulated ion transport, bile
duct cells have a secretory function. Many subapical
vesicles can be observed in electron micrographs of
biliary epithelium. Mucins are prominent among the
products secreted from this intracellular pool (36). The

physiological function of muein seeretion is supposedly
the formation of an extracellular gel protecting the
tissue against the aggressive biliary environment. The
regulation of mucin secretion in biliary epithelium has
not been studied in detail.

Cystic fibrosis {(CF) is a recessive inherited disease
with a high incidence in the Caucasian population (6,
60}, It is caused by mutations in an adenosine 3',5'-
cyclic monophosphate (cAMP)-regulated Cl~ channel
fcystic fibrosis transmembrane conductance regulator
(CETR}] situated in the apical membranes of a variety
of epithelial cells (49). CFTR is involved in the regula-
tion of isosmotic fluid transport. CFTR dysfunction
results in a complex phenotype characterized by recur-
rent lung infections, pancreatic insufficiency, and mal-
absorption. Morbidity and mortality in CF is mainly
associated with lung disease. However, hepatobiliary
abnormalities are guite common in CF patients. Ob-
struction of biliary duets, focal, or multilobular biliary
cirrhosis was reported in over 60% of aduit CF patients
at autopsy (5, 33, 59). Microgallbladder and high
incidence of gallstones is also observed (41, 42, 52).
CFTR in the liver is mainly expressed in bile duct cells,
as shown for rats (21} and humans (13, 65). The
pathogenesis of liver disease in CF remains to be
elucidated. Defective isesmotic fluid transport may
result in decreased solubility and subsequent precipita-
tion of bile components. In suppert of this, studies with
a mouse model for CF in our laboratory showed that
CFTR is required for cAMP-induced fluid secretion
across the biliary epithelium (44a), On the other hand,
there may be additional reasons for the abnormal
properties of mucus secretions in CF epithelia, First,
CFTR dysfunction affects membrane recycling (7, 46)
and pessibly seeretion (20, 38, 50} in several cell types.
Second, CFTR mutations can result in abnormal glyco-
sylation and sulfation of glycoproteins (11, 16, 34, 64).
Biliary mucins are implicated as promoting factors in
the formation of bile stones (1, 9). Therefore, both
increased secretion of mucins and abnormal mucin
structure could contribute to hepatic disease in CF.

We have studied the relationship between CFTR and
mucin secretion in cultured mouse biliary epithelial
cells using a mouse model of CF. We show here that
primary cultures of mouse gallbladder epithelium main-
tain many characteristics of the original tissue, includ-
ing CFTR expression and mucin synthesis.



84

METHODS

Materials. Sepharose CL-4B was from Pharmacia (Uppsala,
Sweden), and guanidinium Cl~ was from Merck (Darmstadt,
Germany). Heparitinase I (Heparinase HI} from Flavobacte-
rium heparirum, keratanase (Pseudomonas species), and
hyaluronidase from Streptomyces hyalurolyticuts were pur-
chased from Sigma (Saint Canteen Fallavier, France), and
chondroitinase ABC from Proteus vulgaris was from Sefk-
agaku (Tokyo, Japan). The enhanced chemeluminescence
(ECL) glycoprotein system, the ECL Western blotting detec-
tion system, and the nitrocellulose membrane Hybond C
extract were from Amersham (Little Chalfont, UK). Scintilla-
tion cocktail was Aqualite from Baker (Deventer, Holland).

Antmals. All animal experiments were performed in compli-
ance with the guidelines issued by the Dutch government
concerning anirmal care. All experiments not involving
CF{—/~) mice shown in this study were performed with
C57BL6 animals. Pilot studies showed that good explant
cultures cottld also be ebtained with BCBA or BALB/c mice. A
colony of mice with a lesion in the cftr gene resulting in
complete loss of function in C57BL6 genetic background (47)
was bred under pathogen-free conditions in our transgenic
unit. The genotype of each individual animal was tested by
Southern blotting of tail DNA.

Mouse gallbladder epithelial cell culture, Gallbladders
were removed from the animal and cut open lengthwise. After
the bile was washed out with RPMI 1640 medium supple-
mented with 100 U/ml penicillin, 0.1 g/ sireptomycin, and 20
mM N-2-hydrexyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES]), pH 7.2, the gallbladders were cut into small pieces
and embedded in 1-mm collagen gels (Sigma, Calf skin type
I). The explant cultures were incubated at 37°C in a humidi-
fied 10% COj-air mixture in Dulbeceo’s modified Eagle’s
medium (DMEM) supplemented with 100 U/mt penicillin, 0.1
g/l streptomycin, 2 mM glutamine, and 10% fetal calf serum.
Mouse gallbladder epitheliai cells coutd be eulfured forup to 3
wk, with medium changes every 2-3 days.

Light and electron microscopy. Cells eultured on collagen
were either fixed in phosphate-buffered saline containing 4%
paraformaldehyde for ight microscopy, or in 0.15 M cacodyl-
ate buffer, pH 7.4, containing 2.5% glutaraldehyde for elec-
tron micrescopy. The glutaraldehyde-fixed cells were post-
fixed with 1% osmium tetroxide and embedded in Epon 812.
Ultrathin sections stained with uranyi citrate were examined
and photographed in a Philips CM100 electron microscope at
80 kV. The paraformaldehyde-fixed cells were dehydrated
and embedded in paraffin. Sections were made at 5-10 um
and stained with hematoxylin and eosin,

Quantitative polymerase chain reaction analysis. Two
mouse-specific oligonucleotides, MCF1 (5 GCAGAAA-
CAAGAGTATAAAG 3') and MCF4 (' CTGCTGTAGTTG-
GCAAG 3), were synthesized. The sequences are localized in
exons 8 and 10, respectively and generate a mouse CFTR
mRNA-specific 459-bp fragment in reverse transcriptase (RT)-
polymerase chain reaction (PCR) analysis. Total RNA was
isolated by extraction of various mouse tissues or cultured
cells in guanidine isothiocyanate and centrifugation through
a 5.2 M CsCl step gradient. The RNA was reverse transcribed
to ¢cDNA by adding 10 U Avian myoblastoma virus (AMV)-RT
in 20 ul ¢DNA buffer {7 pg heat-denatured RNA, 0.8 uM
antisense oligonucleotide primer MCF4, 10 M dNTPs, 0.05
M KCi, 0.02 M tristhydroxymethyl)aminomethane {Tris)-
HCI, pH 8.4, 0.0025 M MgCl;, 0.1 g/1 bovine serum albumin,
and 20 U RNasin] for 1 h at 37°C. The 50-pl PCR assay
contained 0.3 pM sense and antisense oligonucleotide primer
(MCF1 and MCF4), 0.2 mM Tris-HCI, pH 8.4, 2.5 mM MgCi,,

and 0.} g/l bovine serum albumin. After denaturing at 94°C, &
U Tag polymerase were added at 72°C (“hot start™). The
standard cycling program was 30 cycles of denaturation for 2
min at 93°C, primer annealing for 2 min at 47°C, and
elongation for 4 min at 72°C. Aldolase A oligenucleotide
primers, which amplify a 442-bp ¢cDNA fragment, were as in
Bremer et al. (8). The amplification of aldolase A sequences
was done in parallel, under the same conditions as described
above for CFTR. PCR products were separated on a 1.6%
agarose gel. For quantitative analysis of the PCR reaction,
equal amounts of total RNA isolated from different tissues
were subjected to an RT-PCR protocol in parallel incubations.
Aliguots were withdrawn at regular intervals from the PCR
and subjected to Southern blotting. Radioactivity was mea-
sured with a Phosphorimager (Molecular Dynamics).

Pateh-clamp analysis. Patch-clamp experiments, data sam-
pling, and analysis were performed as previously described
(27). Patch pipettes of borosilicate glass (Clark GC150-TF) were
pulled to a resistance of 3-8 M(}. Excised patches were trans-
ferred to a solution exchange compartment (27); this allowed us to
add various substrates [ATP, protein kinase A(PKA), and glibencl-
amide] as well as to change the buffer composition ko a I, F~,
NOjz, Br—, or gluconate buffer. Pipette {external) and bath
{internal} solutions contained (in mM) 140 NaCl, 5 KCl, 1.2
MgCl,, 0.16 CaCly, 1 ethylene glycol-bis{B-amincethyl ether}-
N, N.N' N'-tetraacetic acid, and 5§ HEPES, The final Ca®*
concentration was 1072 M, pH 7.4. Low {0.05 M) Cl- buffer
was identical except for NaCl (0.043 M); 0.165 M mannitol
was added to adjust the osmolarity of the buffer. High {0.427
M) Cl~ buffers contained 0.42 M NaCl. Other buffers replaced
0,14 M NaCl for either Nal, NaBr, NaNO;, NaF, or sodium
gluconate, all 140 mM. All experiments were performed at 37°C.

Mucin secretion. Normal mouse gallbladder epithelial cells
were incubated with 6 pCi [6-3H]glucosamine hydrochloride
(26 X 10% Ci/mol) in 2 m] culture medium for 20 h. After the
radiclabeling, the cells were rinsed three times in serum-free
medium (RPMI 1640 supplemented with 100,000 U#l penicil-
lin, 0.1 g/l streptomycin, and 0.02 M HEPES). The secretion
experiment was started by adding 0.76 ml medium to the
cells. The incubation was performed at 37°C or 4°C in 95% air
plus 5% CO; in o humidified atmosphere. After 1 h, a
potential secretagogue was added to the cells. At different
time points, the incubation medium was replaced, and the
cells were rinsed to remove the adherent mucin. At the end of
the incubation period, the cells were lysed with 0.1% Triton
X-106. The labeled glycoproteins in the medium samples and
the cell lysates were washed with deionized water by centrifu-
gation through a 10,000 molecular weight Millipore filter,
until no unincorporated [*Hjglucosamine was detectable in
the eluate and lyophilized. Part of the samples was used for
scintillation counting, and part was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 5.5% gels. The gels were fizxed in 10% methanol-
10% acetic acid, incubated in Amplify (Amersham}, and dried.
The radiolabeled glycoproteins in the gel were made visible
by exposing the gels at —70°C to X-ray films (Kadak).

Analysis of mueirs from CF(— [ —} and normal cells. Gall-
bladder explant cultures (8 days) from 8 CF(~/—) and 7
control litter mates (+/— and +/+) were incubated for 16 h
with § nCv/ml [PHlglucosamine {20-30 Ci/mmol) in culture
medinm. The medium was collected, the cells were washed
and incubated for 20 h at 37°C in serum free medium. After
the incubation, the cells were lysed with 0.1% Triton X-100.
The medium samples (evernight labeling medium and chase)
and cell lysates were lyophilized in three aliquots, after
extensive washing to remove the unincorporated label, and
used for further investigation.
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Enzymatic digestion. An aliquot of each sample was selubi-
lized in 0.3 mi of 0.2 M Tris/acetate buffer, pH 7.4, containing
2 % 103 M CaCl; and 0.02% sodium azide and digested with a
glycosaminoglycan-degrading enzyme cocktail (GAG cock-
tail) composad of 1.6 U hyaluronidase, 0.75 U chondroitinase
ABC, and 1.5 U heparitinase for 18 h at 37°C, Each fraction
was then dialyzed, freeze dried, and subjected to gel filtration
on Sepharose CL4B {46).

Nonreductive alkaline degradation. Samples obtained from
cell lysates were subjected to f-elimination in 1 mi of 0.05 M
NaOH at 45°C for 16 h. After neutralization with acetic acid,
the treated material was analyzed on Sepharose CL4B

columns,

Fractionation on Sepharose CL4B. An aliquot of each
sample was fractionated on a Sepharose CL-4B (32 X 1 ¢m
diam} in 6 M guanidinium chloride. The flow rate was 24
ml/h, and 1-m} fractions were collected. Radioaetivity was
assayed in a Beckman S 8801 liquid scintillation counter
after mixing 0.1 ml of each eluted fraction with 2 ml of
Aqualite,

RESULTS

In this study, we used a knockout mouse model for CF
(47). These mice suffer from a complete loss of CFTR
function due to a disruption of exon 10, The CF{—/-)
animals in our facility display less severe mortality due
to intestinal obstruction as reported for the Cambridge
colony [20% in the first 2 wk in Rotterdam, compared
with 80% in the Cambridge colony (47)]. This may be
due to differenices in breeding conditions. However, alt
physiological parameters mesasured, nasal potential
difference (PD), and intestinal and gallbladder PD
measurements (Ref. 57 and French, unpublished obser-
vations) confirmed the CF phenotype of our animals, In
particular, no cAMP-induced Cl- transport (57) or fluid
secretion (Peters, unpublished observations) was ob-
served in intact gallbladders of CF(—/—) animals, in
contrast to controls. The animals used for the experi-
ments reported here were 5—6 wk old, without obvious
signs of disease or discomfort, average weight 23.6 =
2.7 g for CF(—/-) and 23.0 = 4.4 for their normal
[CF{+/+) and CF{+/-}] litter mates.

Cultured mouse gallbladder cells. Mouse galibladder
epithelial ¢ells grow from small (1- to 4-mm?) pieces of
embedded mouse gallbladder tissue as a monolayer on
a collagen gel (Fig. 14, see METHODS). The outgrowth
finally results in holes in the collagen gel (Fig. 14, top
right) as cells cover both the upper and lower surface of
the gel. Mouse gallbladder epithelial cells proliferate
for up to 20 days under these conditions to approxi-
mately 10 times the original surface area of the epithe-

Fig. 1. Light and electron micrographs of cultured mouse galibladder
epithelial cells (MGBC). A: primary culture of MGBC (12 days); cells
are unstained and were viewed under light micrescopy. Epithelial
cells grown from fragments of mouse galibladder are cultured on
collagen gel, as described in METHOBS (bar = 40 pm). B: parafin
section of MGBC in culture (eosin and hematoxylin), showing high
cuboid polarized epithelium on collagen matrix {botfom; bar = 7 pm).
C electron micrograph and cultured MGBC with apical and lateral
microvilli (bar = 1.6 pm), D: electron micrograph showing apical
microvilli and vesicles (bar = 0.6 pwm). E: electron micrograph
showing tight junctions, apical villi, and mitechondria (bar = 0.5 pm}.
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lHum. Mieroscopic analysis of the cells growing om .

collagen for 7-14 days showed a morpholegy highly
reminiscent of the intact tissue (58, 61% a polarized
high cuboid epithelium (Fig. I, B and ) with tight
junctions (Fig. 1E), apical microvilli (Fig. 1, C-E),
extensive lateral villi (Fig. 1, C and D), and numerous
mitochondria (Fig. 1, C and E). Clusters of vesicles
similar to these found in native tissue were routinely
observed as seen with electron microscopic analysis
(Fig. 1D)). The morpholegy of cultured gallbladder
epithelial cells from CF(—/—) mice is normal (light
microscopy, not shown). On morphological criteria (light-
and electron-microscopic analysis) no significant out-
growth of fibroblasts was observed under these condi-
tions. After prolonged incubation (>20 days), clusters
of fibroblasts were sometimes observed in the open
spaces in the collagen gel. All experiments described
below were performed with explant cultures <3 wk old
with typical epithelial morphology (Fig. 1).

CFTR expression in cultured mouse gallbladder cells.
The expression of the cAMP-dependent Ci~ channel
CFTR in cultured mouse gallbladder cells was exam-
ined with two different methods. RT“PCR analysis
demonstrated that cultured mouse galibladder cells
produce CFTR mRNA at levels comparable to the intact
tissue (Fig. 2, A-C). Intestinal tissues of normal mice
(ileum and cecum) give a >10-fold higher leve! of
expression than galibladder in this assay (Peters, un-
published observations). However, these tissues were
negative in CF{—/—) mice, which confirms the absence
of full-length CFTR mRNA in these animals (data not
shown), Patch-clamp analysis allows us to detect single-
channel activity in membrane patches sealed to a
microelectrode, During on-cell recording, the cAMP
agonist forskolin induced the activity of small linear
channels. These channels were inactive after the mem-
brane patches were excised but could be activated with
the cAMP-dependent PKA plus ATP (Fig. 34). The
voltage-current characteristic of this channel is linear
with a conductance of 5 pS in 150 mM NaCl (Fig. 3B).
The ion selectivity of the channels was determined by
exchanging the bath solution with low-Ci- buffer. This
resuited in a shift of the reversal potential (current = 0}
expected of an anion-selective channel (Fig, 3B). In this
way the relative ion selectivity was determined as
NOj > Br- = Cl~ > Fl~ » I~ = gluconate. This channel
is very similar to the human CFTR, although we and
others (4, 17, 48) found a higher conductance for human
CFTR (8 pS). On average, 8 £ 5 (n = 10) CFTR
channels per patch were observed in this way. In five
successful patch-clamp protecols with CF(—/—) cells,
not one Cl- channel of this type was observed. These
observations are consistent with the conclusion that
cultured normal mouse gallbladder cells express the
mouse homolegue of human CFTR. A different Cl-
channel frequently observed was a 25.pS outward
rectifying channel that often appeared on sustained
hyperpolarization of the membrane. This channel was
not, activated by PKA plus ATE. Glibenclamide (10-* M)
reduced the conductivity and induced channel flicker-
ing. The ion selectivity of this channel was determined
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Fig. 2. Expression of cystic fibrosis transmembrane conductance
regulator (CFTR) mRNA in cultured mouse gallhladder epithelial
cells (MGBC). Agarose gel electrophoresis (ethidium bromide stain)
of reverse transcription (RT)-polymerase chain reaction (PCR) prod-
ucts obtained with CFTR primers (A} and aldolase primers as a
control (B). Total RNA was isolated from murine cystic duct {lane 13,
gallbladder (lane 2), tungs (fene 3), kidney (lane 4), total liver (fane
5), and cultured MGBC (lane 6). Lane 7, size marker {1,018, 517/506,
396, 344, and 289 bp). C; amount of CFTR ET.PCR product as a
function of the number of PCR cycles was determined as described in
METHODS. Data indicate that cultured cells produce CFTR mRNA at
levels comparable to epithelial cells of cystic duct or intact gallblad-
der. cpm, Counts per minute; bp; base pairs.

-
L]

asNO; > 1~ =Br~ > Cl~ » F- > gluconate{(n = 8)and
was also observed in cells from the CFTR-deficient
[CF(—/-)} mice {n = 2). This channel is very similar to
the outward rectifying Ci- channel (ORCC) described
previously in human cells (23, 51).

Glycoprotein secretion from cultured mouse gallblad-
ders. Cultured mouse gallbladder cells produced high
molecular weight glycoproteins (HMG) as shown by
SDS-PAGE analysis of [PHlglucosamine-labeled pro-
teins (Fig, 4B). Labeled HMG are also cbserved in the
culture medium (Fig. 44). Transport of HMG to the
medium is time and temperature dependent, as ex-
pected for active secretion (Fig. 5A). Cells passaged
once on collagen gels had similar morphology (light
microscopy) but secreted HMG at a lower rate than
primary cells (compare Fig. 5, A and B). On testing the
effect of possible activators of secretion (Fig, 5B), we
found a twofold stimulation by 3 mM ATP. However,
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Fig. 8. Patch-clamp analysis. Detection of
mouse CFTR channel activity in cultured
mouse gallbladder cells with patch-clamp
analysis was performed as deseribed in METH-
oDS, A: typical pipetie current recording {(pA)
of mouse CFTR activity at different clamp
voltages (mV). C, closed state of the channel;
arrows, single-channel open-state levels. Left:
150 mM Cl~ in pipette and bath. Right; 0.05 M
Cl~ in bath. B: current {I)-voltage (V) relation-
ship of 5-pS channel after activation with
protein kinase A and ATP at L6 M Cl™ in
pipette and bath (4) and at.0.05 M Ci- in bath
and 0.15 M in pipette (@), Shift of reversal
potential {at which current is zere) indicates
10n selectivity of the channel,
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lower concentrations of ATP (0.3 mM) had little effect
on basal secretion rates (not shown). Forskolin, which
increases the intracellular ¢cAMP concentration, had no
significant effect. This suggests that in these cells there
is no direct link between CFTR activation and glycopro-
tein secretion and also that the glycoprotein secretion
mechanism is not directly regulated by intracellular
cAMP. Calcium ionophore or phorbol ester {pherbol
12-myristate 13-acetate) alone or in combination (not
shown) did not induce mucin secretion. In conelusion,
the cells show active secretion of HMG, probably from
the pool of subapical vesicles. The secretion apparently
occurs mainly via a constitutive {nonregulated) path-
way. The HMG were further analyzed by column chro-

B

—- top

Fig. 4. SDS-PAGE of *H-labeled glycoproteins secreted from cultured
mouse gallbladder epitheliat cells, Cultured mouse gallbladder epithe-
lial cells preincubated for 16 h with (3Hlglucosamine were washed
and incubated in fresh medium for 30 min at 37°C, After incubation,
medium was collected and cells were lysed with Triton X-100.
Incubation media from 5 separate dishes (A) and associated cell
lvsates (B) were subjected to SDS-PAGE on a 5.5% acrylamide gel
(90% of total samples). *H-labeled glycoproteins were visualized by
autoradiography. Both the medium samples and cell lysates contain a
prominent high molecular weight component on the top of the gel,
indicative of mucins.

matography. Part of the labeled HMG found in the cell
lysates was excluded from a Sepharose CL4B column
{Fig. GA). This material is insensitive to enzymes
known to break down glycosaminoglyeans but is sensi-
tive to alkaline degradation, suggesting an O-glycosyl
attachment of carbohydrate chains. These data show
that the labeled HMG excluded from the column consist
mainly of mucins. The partially included peak possibly
corresponds to the 300-kDa band on the PAGE gel (Fig.
4) and has similar properties with respect to enzyme
and alkali sensitivity (Fig. 64). This material may
consist of precursors or breakdown products of mucins.
The labeled HMG secreted into the medium consists in
part of mucins, as shown by column chromatography,
sensitivity to enzymes (Fig. 6B), and carbohydrate
staining on Western blots. The 300-kDa mucin compo-
nent is less prominent than in cell lysates (compare
Figs. 4 and 6), suggesting that this material is not
actively secreted. The peak in the column volume (23
ml) presents a smear of labeled material on a 5-15%
PAGE gel in which no specific products could be identi-
fied (data not shown). Since this compenent was not
prominent in short secretion experiments (Fig, 4}, it
may represent a mixture of low molecular weight
glycoproteins and breakdown products of high molecu-
lar weight components,

Mucin secretion by CF(—/—) cells. Cells of CF{(—/-)
mice also produce and secrete mucins, as shown by
column chrematography and by enzyme and alkali
sensitivity (Fig. 8, C and D). Quantitative analysis of
total tritium-labeled HMG and the material excluded
from the Sepharose column (Table 1) shows that there
is no significant difference between normat and CF(—/-)
cells with respect to the rate of basal secretion of
[*H]glucosamine incorporated in HMG and in mucins,
either expressed as percentage of tetal amount pro-
duced or by comparing the amount secreted per dish of
culture cells. We conclude that CFTR is not required for
either accumulation or basal secretion of glycoprotein,
inchiding mucins in cultured mouse galtbladder cells.
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Fig. 6. Glycoprotein secretion from cultured mouse galibladder epithelial cells (MGBC). A: time and temperature
dependence of glycoprotein secretion. Cultured MGBC and NIH/T3 cells as a negative control (~30% confluent/
3.5-em dish) were preincubated for 16 h with [JH]glucosamine to label cellular glycoproteins. Dishes were washed
and incubated for 3 h at 4°C or 37°C as described in METHODS. Samples were collected and analyzed as described in
METHODS at intervals indicated. Finally, cells were lysed and secretion from cells, as & percentage of total labeled
glycoprotein, was calculated [%secration = 100 X (medivm/medium + lysate); valaes are averages of 7 dishes
SD]. Data show a steady secretion of high molecular weight glycoproteins from mouse gallbladder cells at 37°C (A),
which is significantly reduced at 4°C (#®). Less than 2% of total labeled glycoproteins were secreted by NIH/3T3 celis
at 37°C (M), B: effect of different agonists on glycoprotein secretion. In a parallel experiment, MGBG passaged once
on collagen gels were labeled with {fH]glucosamine (1, no. of dishes), washed, and incubated for 60 min in label-free
medium as indicated. Medium was then replaced by medium without additions at 37°C (r = 6) or at 4°C (r = 5),
with 105 M forskolin (n = 4}, 3 X 10-3 M ATP {r = 3), 5 X 10-7 M Ca?* ionophore (A-23187) (n = 4), or 6 % 10-TM
phorbol dibutyrate (PDB) (n = 5) followed by a 2-h incubation. Medium was collected, cells were subsequently lysed,
and the release of high molecular weight glycoprotein to the medium was expressed as percentage of secretion.

*Significant difference with control at 37°C (Student’s f-test).

DISCUSSION

We have established and characterized a primary
culture system for mouse gallbladder epithelial cells.
The cells we obtained have many of the morphological
characteristics of fully differentiated biliary epithelium
and can therefore be considered a valid model for this

tissue {(Fig. 1). Similar results have been obtained wit
gallbladder cells from other species, including human
(62) and dogs {28, 43). In contrast to these systemt
however, we found that the mouse cells could not b
passaged regularly without senescence of the cells an
fibroblast overgrowth. Therefore, the experiments de
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Table 1. Secretion of HMG by cultures of normal and
CF(— [~} mouse gallbladder epithelial cells

Control CF(-/—)
{"HIHMG medium (chase), dpm 92,006 96,000
{*HIHMG medium {overnight), dpm 100,000 96,000
PHJHMG ceHl lysate, dpm 92,000 175,000
Total FHJHMG, dpm 282,000 367,000
FHIHMG secreted, % 68 b2
PH]mucin medium (total), dpm 42,000 60,000
PHlmucin cell lysate, dpm 36,000 69,000
Total (H]mudn, dpm T8,000 129,000
[TH]mucin secreted, % 53 48

Primary explant cultures of normal (=7} and cystic fibrosis
[CF(—~f-); n=8] gallbladders were labelled with (F*Hlglucosamine
overnight. The medium was collected and replaced by unlabeled
medium (chase). High molecular weight glycoproteins (HMG) of
medium samples and cell lysates {expressed as disintegrations per
mingte (dpm) of 3H] were determined by wltrafiltration as described.
Cembined medium samples and cell lysates were analyzed by gel
filtration (Fig. 6) to determine the mucin component of HMG. Percent,
of mucin and HMG secreted is the percentage of material in the
comhbined media of the total,

scribed in this study were performed with cells grown
from primary explants or with cells passaged once to
collagen gels.

Qur data show that CFTR mRNA is produced in
cultured mouse gallbladder cells with levels compa-
rable to intact fissue (Fig. 2). Patch-clamp analysis
revealed the presence of a small Cl- channel with
characteristics very similar to human CFTR (Fig. 3).
‘We conclude that these cells express the mouse counter-
part of human CFTR, providing the first description of
this Ci~ channel, The number of ClI- channels per patch
in these cells compares favorably to other primary

epithelial cells in cuifure (24) or even colon carcinoma .

cell lines (HT-29, T84) that are often used as a model for
CFTR expression (2, 56). Cultured MGBC, therefore,
are a convenient model for the study of CFTR activity
in a well-differentiated epithelial cell in primary cul-
ture. This is particularly important in view of the
availability of several mouse models of CF. These
include loss of function mutants (44, 47, 54) and more
recently the prevalent AF508 processing mutant (14,
57, 63) and a G551D mutant (15). Other CFTR muta-
tions are likely to follow,

An additional interesting feature of the cultured
MGBC is that they produce and secrete glycoproteins
(Figs. 4 and 5), including mucins (Fig. 6). Mucin
secretion has been shown for cultured human {62) and
dog (29, 43) gallbladder epithelial cells. Mucin secre-
tion in cultured dog epithelial cells was reported to be
stimulated by prostaglandin E,, possibly by increasing
the intraceliular ¢cAMP concentration (29}, In contrast,
our results suggest that in cultured MGBC glycopro-
tein secretion occurs via a constitutive pathway. Forsko-
lin, Ca®* ionophore, and phorbol ester had no signifi-
cant effect on glycoprotein release in these cells. This
suggests that an increase in intraceliular cAMP, Ca®*,
or protein kinase C activity is not sufficient to induce
secretion (Fig. 5). The effect of extracellular ATP is
difficult to interpret. Since 0.3 mM ATP had no effect
(not shown), the activity of a P, purinergic receptor

seems excluded. Possibly, aspecific effects of ATP on
membrane permeability (18) are involved.

As pointed out in the introduction, several observa-
tions in the literature suggest a relationship between
CFTR activity and muecin secretion. This could contrib-
ute to the development of liver disease in CF. In
bronchial segments, the B-adrenergic secretion stimu-
lus observed in normal tissue is reduced in CF patients
{60). In this case, the coupling could be indirect. Since
CFTR is mainly expressed in serous cells of submucosal
glands (19}, reduced output from serous acini could
impair mucin transport. Mucus secretion in airway
goblet cells is under purinergic rather than cAMP
control (32). In the intestinal crypt, mucin-secreting
Goblet cells are stimulated by Ca®* agonists but not by
cAMP (25). In isolated submandibular salivary glands,
a significant reduction of cAMP-induced secretion was
observed in human CF patients (38) and in a CF mouse
model (39). In these cells, mucin release is triggered by
an increase of intracellular Ca?t (40). Therefore, the
exact relationship between CFTR and secretion is not
yet clearly established. Our current data show that
MGBC from mice with a loss of function mutation of the
cftr gene produce and secrete labeled glycoproteins,
including mucin, to a similar extent as normal cells, as
determined by [*Hlglucosamine labeling (Fig. 6, Table
1). Therefore, neither activation of CFTR by forskolin
nor absence of CFTR has a marked effect on glycopro-
tein secretion. This does not support the notion that, in
gallbladder cells, CFTR function and secretion are
closely coupled, as suggested by experiments with
Neomycin-selected dog gallbladder cell clenes that ex-
press CFTR from an expression vector (28). However,
we cannot exclude that the mucins from CF-deficient
cells differ from normal with respect to carbohydrate
structure and protein/carbohydrate ratio. CFTR defi-
ciency in humans results in increased sialation and
sulfation of glycoproteins, and abnormal carbohydrate
structures were observed (10, 11, 34, 35). The exact
cause of this phenomenon is not known, but it has been
suggested that it relates to an effect of CFTR on
acidification of intracellular vesicles (3). Therefore, it is
possible that the mucins produced by CFTR-deficient
gallbladder and biliary cells are abnormal due to
increased sulfation or aberrant branching, as in human
salivary and respiratory mucins (10, 34). Abnormal
biliary mucin structure could contribute to the develop-
ment of liver disease in CF patients. The amount of
material that can be recovered from the present mouse
galibladder cell eultures does not allow a careful analy-
sis of muein carbohydrate molecular structure, We are
presently attempting to increase the yield of cultured
cells by crossing the AF508 CFTR mouse model that we
recently produced (57) with a mouse producing & tem-
perature-sensitive version of Large T-antigen. In this
model, we can study the effect of CFTR dysfunction on
mucin structure and membrane recycling.

Cells expressing CFTR show a marked cAMP-
dependent inhibition of endoeytosis and CFTR internal-
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ization that is not observed in CFTR-deficient cells {7,
45). CFTR apparently can affect regulated membrane
trafficking. An interesting observation in this context is
that the cAMP agonist secretin induced release of a
fluid-phase marker from an endocytotic compartment
in isolated rat biliary duct cells. Similarly, the colum-
nar infestinal crypt cells that express CFIR release
vacuolar content in response to cAMP agonists (25), It
would be interesting to observe the effect of cAMP on
uptake and release of fluid-phase markers in normal
and CF MGBC. It is possible that the cells contain
vesicular compartments with different regulation of
secretion.

CF mice do not develop histological liver abnormali-
ties, at least not at the age we usually study them (<3
mo), The same is probably true for a majority of young
human CF patients. The development of liver disease
in CF patients does not necessarily correlate with a
severe clinical phenotype {lung disease, pancreas dys-
function} (569). CFTR dysfunction apparently is not the
only determinant. One other contributing factor may be
the presence of other Cl- channels in the biliary cells
(37), which may partiaily compensate for CFTR dysfune-
tion in some tissues {12). Where expression of this
compensating activity becomes the limiting factor, i.e.,
in CFTR mutants, species and individual differences in
pathology can be expected.

It is possible that cultured gailbladder cells behave
differently from cells in intact biliary tissue. There is
evidence that prostaglandins (80) and cholecystokinin
(CCK) (58) stimulate mucin release from intrahepatic
duct cells, CCK activates the phosphoinositol pathway
rather than intracelular cAMP. There is no compelling
evidence that cAMP directly affects mucin release in
the intact biliary tract. cAMP agonists do activate
biliary fluid and bicarbonate secretion in vivo (31).
Fluid secretion is dependent on CFTR activity, as was
shown for the mouse gallbladder (44a), intestine (22},
and cultured airway epithelium (26, 53), Future in vive
studies in the CF mouse model may allow us to
determine the effect of agonists on mucin and fluid
output from the intrahepatic biliary system. Available
data point at reduced fluid output rather than in-
creased mucin secretion as the major factor in the
development of CF liver disease.
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Most cystic fibrosis (CF) patients produce a mutant
form (AF508) of the cystic fibrosis transmembrane
conductance regulator (CFTRj, which is not propeely
processed in normal cells but is active as a chloride
channe! in several experimental systems. We used a
double homelogons recombination (*Hit and Run’)
procedure to generate a mouse model for the AF508
mutation, Targeted embryonic stem (ES) cells (Hit
clones) were found; of these either 80 or 20% of the
clones had lost the AF508 mutation, depending on the
distance between the linearization site in the targeting
construct and the AF508 mutation. Correctly targeted
clones underwent a second selection step resulting in
ES cell clones (Run clones) heterozygous for the AFS08
mutation with an efficiency of 2-7%, Chimeric mice
were penerated and offspring homozygous for the
AF508 mutation showed electrophysiological ahnor-
malities in nasal epithelium, galtbladder and in the
intestine, and histological abnormalities in the infestine,
typical of CF. Our data suggest that the AF508 mice
have residual AFS508 CFTR activity which would
explain the mild pathology of the AF508 mice, The
AF5(08 mouse may provide a useful modef for the study
of the processing defect of AF508 CFTR and for the
development of novel therapeutic approaches based on
circumvention of the processing block,

Keywords: animal modelfembryonic stem cells/gene
targeting/Hit and Run procedure/protein processing

Introduction

Cystic fibrosis {CF) is a lethal autosomal recessive disease
affecting ~1 in 2300 Caucasians (Boat er al, 1989),
The mutated gene is the cystic fibrosis transmembrane
conductance regulator (CFTR) gene, which is expressed
in several epithelial tissues (Riordan ef al., 1989; Crawford
et al., 1991; Denning ef af., 1992a). CFTR protein func-
tions as an apical cAMP-regulated Cl channel {reviewed in
Riordan, 1993; Sferra and Collins, 1993) and is presumably
involved in osmotic water wansport (Quinton. 1990).
Malfunction of this chloride channet in CF patients is
associated with intestinal malabsorption. obstruction and
inflammation of airways, pancreatic ducts, iniestine and

bile. ducts and absence of the vas deferens, Mortality in
CF patieats is at present mainly due to recurrent pulmonary
infections (Boat ef ai., 1989),

Over 450 different mutations have been described in
CF patients (Cystic Fibrosis Genetic Analysis Consor-
tium). The most commonr mutation is a deletion of a
phenytalanine residue at amino acid position 508 of the
protein (AF508). Itis found in 70% of the CF chromosomes
(Kerem er al., 1989; Riordan ef al.,, 1989), and therefore
90% of the CF patients have at least one AF508 allele.
The mutant protein cannet be processed to ils mature
glycosylated form (Cheng et af, 1990; Gregory er al,
1991). Tt behaves like a temperature-sensitive processing
mutant (Denning ef al., 1992b) which is active as a cAMP-
regulated chioride channel under permissive conditions
{Dalemans ef al., 1991; Drumm et al., 1991; Bear et al.,
1992; Li er al, 1993), Consequently, it has been suggested
that circumvention of the processing block could lead (o
a therapeutic strategy for CF (Denning et al., 1992b; Yang
etal, 1993; Pind et al,, 1994). A mouse model expressing
the AF508 form of CFTR would be very helpful to develop
novel therapeutic approaches. Animal models for CF with
a complete disruption of the mouse ¢ftr gene are available
and these show several pathological and electrophysio-
logical abnormalities characteristic of CF patients
(Snouwaert ef al, 1992; O'Neal et al., 1993; Ratcliff
et al., 1993). The mouse exon 10 amino acid sequence is
highly homologous to the human sequence and there is
no mismatch around the AFS08 site (Tata ef ai., 1991).
Therefore, we would expect that mouse CFTR with a
deletion of the same phenylalanine at position 508 has
properties similar to the human counterpast,

To introduce a mutation into the mouse genome, one
can choose several strategics. Since we wanted to obtain a
mutant ¢ftr gene without possible effects of transcripiional
interference, the use of a replacement construct with a
neomycin gene in the intron next to the mutated AF308
exon (Deng ef al., 1993) did not seem ideal. One aiternative
s a two-step selection procedure, ‘Hit and Run’ (Hasty
et al., 1991), which would result in a mutated exon without
selection marker genes or plasmid sequences in the intron
structure of the gene. In this report, we describe the
successful use of this procedure to generate mouse
embryonic stem cells (ES cells) camrying the AFS508
mutation in the endogenous ¢ftr gene. Injection of the ES
cells into blastocysts resulted in genmline transmission.
Our data show that mice homozygous for the AF508
mutation have abnormalities characteristic of CE.

Resuits

Targeted integration of a mutant exon in the ES
cell genome

We used the 'Hit and Run’ procedure (Hasty er al., 1991}
to introduce the AFS08 mutation into the endogenous
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Fig. 1. Hit and Run procedure, (A) The 5.7 kb targeting construct
containing ¢xon 10 with the AF508 mutation was linearized at the Asil
or the Sfil site and transfected into ES cells which were then selected
fior Lhe expression of the neomycin gene. The DNA of the construct
aligns with the endogenous cfir allele and is integrated. The result is a
duptication: of 5.7 kb spaced by the plasmid and the selectable markers
[P = Psil, E = EceRL N = Nsil, (N} = disrupted Nsil site, Sf = Sf,
§ = Sspl; only relevant EcoRI and Sspl sites are shown], (B) A
comect integration is detected with a Pl digest and probe A outside
the integration construct. The 5° duplicate generates a new 11 kb Psil
fragment, whereas the normat allele has a 9 kb PsiI fragment, A
randomly integrated construct does not hybridize with this probe. A
Sspl digest shows the presence of the AF508 malation with probe B.
A comrectly integrated construct has a 1.5 kb Sspl digest, while the
normal allefe and the 5° duplicate have a 2.9 kb fragment. A repaired
integration shows a 8.7 kb fragment, In a cormect Hit clone there is a
2:1 ratio of the 2.9 and 1,5 kb fragment. (C) Cells which Jost the TK
gene will be resistant to selection with FIAU. A homologous cross-
over 3’ of the exons gentrates a normat allele, while a cross-over
evenl 5° of the exons will result in the desired ¢fir allele with a
normal genomic organization but with a mutant exon 10. Clones are
digested with S5p] and hybridized with probe C. Comrect Run clones
have a F:1 ratio of the 2.9 versus a new 1.4 kb fragmeat and no
neemysin, TK or plasmid sequences.
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Fig. 2. Southem blot analysis of Hit clones. (A) Psil digest of ENM4
control DNA (fzne [} and Hit DNA (lane 2) hybridized with probe A
lying guiside of the transfected construct. Lane 3 is as lane 2 but
hybridized with the intemal probe B. (B) Sipll digests hybridized with
probe B to check the introduced AF508/5spl site (see Figure 1B). Lane
1 is a E14 conrol, fane 2 is a correct Hit ¢lone and lane 3 is a Hit
clone which lost the AF508/Sspl site,

mouse cfir gene. The first step involves targeted integration
of a mutant construct containing 5.7 kb of isogenic
genomic mouse DNA, into the mouse ¢ftr exon 10 region
(Figure ]1A). The AF508 mutation in the construct was
created six nucleotides from a new $spl restriction site,
which did not change the amino acid sequence and was
used in the screening {see Materials and methods). After
transfection of mouse ES cells, the linearized construct
aligns with its homologous endogenous counterpart and
integrates at the site of linearization. This results in a
duplication of 5.7 kb of genomic DNA, one part with the
normal exon !0 and the other part with the AF508
exon, separated by plasmid sequences and a neomycin
(PGKNeo) plus thymidine kinase {PGKTK) selection
marker cassette (Figure I). ES celt colonies obtained by
selection for G418 resistance were analyzed by Southern
hybridization. Probe A, which lies outside of the targeting
construct, shows a 9 kb Psid fragment for a normal allele
and an {1 kb fragment in the case of successful integration
(Figures 1B and 2A). We found that 8% (68/800) of
the G418-resistant colonies, obtained with the construct
linearized at an Nsil site 600 bp downstream of the AF508
mutation, showed the 11 kb Psd band with probe A,
indicating a correct targeting event (Figure 2A, lane 2).
The internal probe B showed the additional 8.8 kb band
from the 3 duplication {Figure 24, lane 3). Any random
integrations would give an extra band with this probe, but
none were found in any of the cormrectly targeted clones.
The Nsi-Hit clones were checked for the presence of the
Sspl site diagnostic for the AF508 mutation. This new
$spl site results in a 1.5 kb $spl fragment from the 3’
duplicate while the 5' duplicate and the normal allele both
give a2 2.9 kb fragment (Figures 1B and 2B, lane 2). Qut
of 25 Nsi-Hit clones, 21 clones (84%) had lost the Sspl
site diagnostic of the AF508 mutation, which resulted in
a new 8.7 kb fragment (Figure 2B, lane 3). Siace the Nsil
site was rather close to the mutation {600 bp), we chose
another linearization site further away from the mutation
to test whether this would affect the process. With
linearization at the Sfit site, 1600 bp downstream from
the AF508 mutation, only 20% of the Sfi-Hit clones had



Table k. Genolype and phenotype of FIAU-resistant clones

Hit clone cultured for 3 p. on G418; 2 p. on G413-; 0.4 pM FIAU for 10 days

Hit clone  Hit clone cultured ¢n 2 pM FIAU for 2 days

Na. of TK™ Genotype No. of TK- G418-sensitive Genolype

d

clones analyzed . Serambied clones analyze wid AF508
135 3 G 0 3 206 61 60 i
B30 157 157 ] ¢ ND
B47 39 39 ] 1] ND
B3 33 2 28 3 193 13 oy 14
B84 69 It 51 7 170 1t5 108 7

p. indicates passages; ND, not determined.

lost the Sspl site (2/11 colonies), while the targeting
efficiency was in the same range (5%, 13/279 colonies)
as for Nsil lincarization. These data suggest that a repair
mechanism is active around the integration site with a
preference for the endogenous chromosomal sequence.

ES cell clones heterozygous for the AF508
mutation

The next step of the procedure (Run) involves the removal
of the duplication plus the intervening plasmid sequences
via an intra-chromosomal homologous recombination
(Figure 1C). This leads to the loss of either the mutant or
the wild-type exon (Figure 1C), The latter case gives us
the desired clone with a mutant AF508 exon 10 in an
otherwise normal genomic organization of the ¢fir gene.
In both cases, recombinants will be resistant to the
toxic thymidine kinase substrate 1-(2-deoxy, 2-fluoro-B-
D-arabinofuranosyl)-5 (FIAU) and sensitive to G418, The
comrect Run clone is identified by a new 1.4 kb Sspl
fragment, generated by an Sspl site outside of the integrated
construct and the Sspl site in the mutated exon 10 (Figure
1C}. Different Hit clones with a correct karyotype weie
subjected to selection with 2 pM FIAU for 2 days.
Resistant clones were picked after 7-10 days and screened
by Southem analysis. In initial expedments, we found
either wild-type cells with two copies of the 2.9 kb $spl
fragment, or cells which had no genomic rearrangement
compared with Hit clones (Table I). The latter presumably
represented TK mutants. A few clones showed a rearranged
and scrambled genotype. To reduce the possibility of
contaminating wild-type cells in the population, we cul-
tured the Hit cells for three passages in the presence of
G4i8 before the FIAU selection. This decreased the
number of FIAU-resistant clones 10- 1o 100-fold. In
addition, we screened the resuftant clones for G418
sensitivity to avoid Southern analysis of clones with a
muiation in the TK genpe. When we started the FIAU
selection the day after ending the G418 selection, we did
not find any G4 18-sensitive cetls (0/42 colonies). However,
if we cullured .the cells for two passages in non-selective
mediwm prior 10 FIAU selection, 30-70% of the clones
were G418 sensitive (Table 1), Of these, 2-7% had the
1.4 kb Sspl fragment of the desired AF508 Run clone.
(Table I, Figure 3A). No rearrangements of the ¢fir gene
were observed, as other digests show a wild-type restriction
patiern {Figure 3B). Further, hybridization with the neomy-
cin probe does not show a signal with any of the Run
clones (Figure 3A, [anes 6-8). These results confirnt the
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Fig. 3. Southern blot analysis of Run clones hybridized with probe C.
5 of exon 0. {A) Sspl digests of Hit clone DNA (fane 1), Ei4
control DNA (lane 23 and two Run clenes (Janes 3 and 4). Lanes 5-8:
the same blot hybridized with a neomycin probe demonstrating the
absence of PGKNeo in the Run clones. (B) Psif digests (lanes 1--3)
and AT digests (lanes 4-6) of respectively EI4 DNA, Hit clone DNA
and Run clone DNA hybridized with probe C were used to assay the
comec: chromesomal structure of the Run clones,

loss of the duplication and the normal genomic organiza-
tion of the AF508 aliele in the Run clones.

Generation of a AF508 CFTR mouse strain

Cells of ¥1 Run clones derived from three different Hit
clones, with a correct karyolype and heterozygous for the
AF508 mutation, were injected into blastocysts and gave
rise to sex conversion and coat color chimerism ranging
from 20 to 100%. Two male chimeras showed full germiine
transmission in a cross with FVB mice, as indicated by
coat color and Southern anatysis (using the same procedure
as for the Run clone analysis, results not shown). To
check the correct transcription of the AFS08 allele, we
isolated intestinal RNA from normal and mutart mice and
performed a nested RT-PCR analysis with primers in
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Fig. 4, (A) A RT-PCR was performed with intestinal RNA of a AF/AF
mouse (lanes | and 2), a N/AF mouse {Janes 3 and 4) and a N/
mouse {lanes 5 and 6) with priimers located in exon 8 and 10, The

403 bp PCR products (odd lanes) were digested with Sspl (even lanes}
which cuts the products of a AF508 allele resulting in 2 359 bp
fragment. (B) The sequance of the PCR products shows the defetion of
the phenylalanine and the silent base pair substitutions which
generated a Sspl restriction site {AATATT) in the AF/AF mouse. Since
the second (Run} recombination took place in intron 9, the sequence
was verified from exon 9-10 (not shown).

exons 8 and 10. Since the AF508 allele contains the Sspi
site in exon 10, we can distinguish the normal from
the mutant PCR product. Mice heterozygous (AF/N) or
homozygous {AF/AF) for the AF508 mutation produced
the predicted 359 bp fragment after Sspl digestion of the
PCR product (Figure 4A). Sequence analysis of the PCR
products showed that the mutant form of CFTR mRNA
had the predicted sequence (Figure 4B).

AF/AF mice have a phenotype typical of CF

Mice homozygous for the AF508 mutation (AF/AF) are
viable and do not show severe disease symptoms, such as
runting or meconium jleus, However, the AF/AF mice
are growth retarded, as is apparent from the significant
difference in weight (£<<0.05) between the AF/AF mice
(average age 42 days: 17.9 g * 44, n = 6) and their
normal, N/JAF and N/N, littermales (average age 39 days:
234 g = 2.6, n = 7). Mice were sacrificed at 5-7 weeks
and used for histological and electrophysiological studies.
In the small intestine of AF/AF mice, focal hypertrophy
of goblet cells was observed in the crypts of Lieberkuhn
(Figure 5b). The hypertrophy of goblet cells was pre-
dominantly secn in deep crypts, though a few hypertrophic
cells were found at the crypt-villus border. The crypts
containing hypertrophic goblet cells appeared to be located
in clusters. The majorily of the intestine appeared normal,
Crypts in the colon showed some mucus retention and
slight difatation (Figure 5¢). A layer of thick mucus on
top of the crypts could alsc be noticed. We did not observe
dramatic distention of the crypts in the small intestine or
complete infestinal obstruction either in the ileum or colon,
as reported in cftr knock-out mice (Figure 5¢ and £, data
from a cftr™C™ mouse, Ratcliff er al., 1993). So far, we
have not seen abnormalities or stasis of inspissated mucus

in lungs, pancreas, liver bile ducts, vas deferens and
salivary glands.

Electrophysiological abnormalities in AF/AF mice
The reduced chloride permeability of the epithelium due
to CFTR dysfunction canses typical abnormalities in the
ior transport of different epithelia (Quinton, 1590). An
increased nasal potential difference (PD} is characteristic
of CF patients (Knowles et al., 1983; Alton ef af., 1990)
and is also observed in ¢fir knock-out mice (Grubb er al,,
19%4a; P.J.French, unpublished data). The basal in vive
nasal PD of AF/AF mice was significantly higher than in
normal littermates (Figures 6 and 7c). Consequently, the
net effect of the sodivm channel inhibitor amiloride, which
would block net ion movement in a CF mouse, was higher
than normal (Figure 6). The nasal PD in AF/AF mice
increased in response to a large chloride gradient created
by substitution of chloride by gluconate in the superfusion
solution (Figures 6 and 7c), This gluconate response was
quantitatively similar to the response of control littermates
(Figure 6). Since cftr™'®*™ knock-out mice do not show
a significant response o gluconate under our conditions
(Table H), we conclude that the response we observe in
the AF/AF mouse is indicative of a residual chloride
conductance in nasal epithelium.

Human CF epithelial tissues do not respond to forskolin,
which activates CFTR through an increase of [cAMP)
{Riordan, 1993). The adult excised AF/AF mouse trachea
shows a forskolin response comparable with normal mice
(PJ.French, unpublished data). This is also observed in
the cftr knock-out mouse trachea {Grubb er al,, 1994b).
In this tissue, forskolin can apparently activate calcium-
dependent chloride channels (Clarke er af., 1994) through
a cross-talk mechanism which is currently not understood.
In the galibladder, the AF/AF mice showed a markedly
reduced PD response to forskolin compared with nonmnal
tuermates in Ussing chamber experiments (Figures 6 and
7a). This reduced forskolin response was not due to
aspecific tissue damage, as both the electrical resistance
and the peak response to the Ca®* agonist carbachol were
nopnal (Figures 6 and 7a). In the ileum, the initial
PDs and equivalent short circuit currents (leq) were
significantly lower in AF/AF mice compared with normal
littermates (Figure 6), Luminal hyperpolarization induced
by forskolin was significantly reduced in AF/AF mice,
whereas the response to glucose addition, which activates
the Na*/glucose co-transporter {Wright, 1993}, was normal
(Figures 6 and 7b). In Table 1I, the responses 1o forskolin
of AF/AF mice are compared with those responses in
cftr™€am knock-out mice. Knock-out mice lack forskolin
responses in ileum and gallbladder, whereas the homo-
zygous AF/AF mice exhibit residual activity. This is in
agreement with the observed residual chloride permeability
in AF/AF nasal epithelia (Table 11},

Discussion

We have gencrated mice with a mutation analogous to
the frequently occurring temperature-sensitive processing
mutation in CF, AF508. We intend to use this mouse to
study the interaction between AF508 CFTR and processing
proteins such as cainexin (Pind e al., 1994) and hsp70
(Yang et al., 1993} in intact tissues. This might lead to



Fig. 5. Histopathology of AFS08 mice. Sections of the small intestine {a—¢) and colon (¢—f) of normal (littermates of AF/AF) (2 and d), AF/AF

b and ¢) and ¢fir™ knock-out mouse (c ard ). In the AF/AF mice, focal hypertrophy of gablet cells was found in crypts of the small intestine (b),
though not as severe as the ileum of a ¢ftr™™ knock-out mouse showing exteasive goblet cell hyperproliferation, increased mucys accumulation and
{uminal obstruction {¢}. Colon of a AF/AF mouse with moderate mucus accumulation and distension of the erypts () compared with the coton of a

ftf*™ fnock-out with massive gobler cell hyperplasia and hypertrophy ().

novel therapeutic approaches for the 90% of CF patients
carrying a AF308 mutation.

Hit and Run procedure

We found integration of the targeting construct into the
mouse ¢ftr locus in 5-8% of the G418-resistant ES cell
colonies. This is comparable with the frequencies found
by Dickinson et al. (1993} for integration of a targeting
construct near exon 10. When we used a linearization site
relatively close (600 bp) to the AF508/Sspl site, 34% of
the Hit clones had lost the diagnostic Sspl restriction site.
Since we observed no rearrangement in the exon 10 area,
we conciuded that the plasmid DNA is preferentially
repaired using the endogenous DNA as a template. The
mechanism of this repair might be through gap formation
and repair {Valancius and Smithies, 1991). We never found
the appearance of the Sspl site in both exons nor did we
find it only in the 5* duplication. This implies that, during

our Hit procedure, mismatch heteroduplex repair and
migration of the Holliday junctions across the mutations
are rare {Hasty and Bradley, 1993). The usage of a
restriction site 1600 bp away from the AF508/Sspl site
resulted in only 20% loss of the mudation, confirming
previous observations that the frequency of loss depends
on the distance between the break and the mutation
(Valancius and Smithies, 1991; Deng er al., 1993)

The overall frequency of a correct Run clone (AF/N) is
~1/10%-107 cells in the original population used for selec-
tion. and 2-7% of the clones screened by Southern
analysis. In order to find these Run clones, we had to
adapt our screening protocol by selecting against wild-
type contaminants and by allowing time for the celis to
perform an intra-chromosomal recombination. Screening
for the loss of G418 resistance further reduced the number
of clones analyzed by Southern analysis (Table 1). On the
basis of the length of the homologous regions involved
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Fig. 6. Summary of the electrophysiclogical data obtained from six AF/AF, five AF/N and ithree N/N mice. Left panels: PD, right panels: feq. Top:
galibladder. The basal PD and leq as well as the peak response 1o carbachol of AF/AF mice and normal (N/N or AF/N) fittermates are comparable.
Forskolin {107° M) respoases, however, were markedly reduced in the AF/AF gallbladder (P<0.001, nine tissue samplks from six mice) compared
with pormal {eight tissue samples from eight mice). Middle: ileum. AF/AF ilea (12 tissue samples from six mice} had a significantly reduced basal
PD and Jeq (P<0.02) compared with their normal littesmates (14 tissue samples from eight mice). Responses to forskolin were reduced in the AFIAF
ileum (P<0.01}. Lower: nasal PD. In AF/AF mice the in vivo basal PDs were significantly higher than their contre littermates (P<0.01). Both
normal (n = 6) and AF/AF {n = 6) nasal epithelia responded to a chloride gradient {153 mM chloride replaced gluconate {133 mM), finaf CI-
cocentration 10 mM]. Responses to the sodium channel inkibitor amiloride were significantly higher in AF/AF nasat epithelia (£<0.02), resultng in
a similar residual PD. Values are averages = SD. Statistical analyses were performed with the student’s r-1est.

in the two possible Run recombinations, one wouid expect
to find ~25% AF508 Run clones (Figure 1C). However,
the actual ratio of AF508 to wild-type recombinants
(£ 1/20) does not seem to follow this simple rle.
This may be due to cryptic sequence preferences in the
recombination process.

The Hit and Run procedure has previously only been
used to produce the mutant Hoxb-4 mouse (Ramirez-Solis
et al., 1993). The possible drawback of the *Hit and Run’
procedure compared with a one-step replacement protocol
is the number of passages under selective pressure that is
involved, The starting passage of our EI4 cells was 24;
selections with both G418 and FIAU plus several expan-
sion steps lead to AF508 clones of around passage 37
(assuming about three divisions per passage}. The blasto-
cyst injections showed that germline chimeras can still be

made with these cells. However, in Run clones derived
from the B84 Hit clone, loss of totipotency was observed
(20% chimerism, sex-reversal rate 1.4 and no germline
transmission).

AF/AF mice have a CF phenotype

The Hit and Run procedure resulted in mice which produce
AF508 CFTR mRNA with the predicted sequence (Figure
4B). The heterozygous AFfN mice do not show significant
abnormalities in any of our assays. We therefore consider
them phenotypically normal. AF/AF mice show a pheno-
type typical of CFTR dysfunction, including failure to
grow to normal weight, histological abnormalities in the
intestine (Figure 5) and electrophysiological abnormalities
in nasal epithelium, galibladder and intestine (Figures 6
and 7). We did not observe lethal obstruction of the
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Fig. 7. Representative Ussing chamber tracings from normmnal mice
{upper tracings) and AF/AF mice (lower tracings) tissue.

(a) Gallbladders of AF/AF mice had a reduced response to forskolin
(for) compared with normal littermates, whereas peak responses to
carbachol (¢} were similar. (b} Tlea of AF/AF mice had a reduced
response to forskolin (for) compared with rommal littermates,
Responses to 30 mM glucose {gtu) and subsequent 0.2 mM phleridzin
(p), activating and inhibiting the Na*/glucose transporter (Wright,
1993} respectively. were similar. Responses to carbachol (€] on
average caused tuminal depolarization and an increase in tissue
resistance. (¢} Nasal epithelia of AF/AF mice had a higher basal PP
and am increased response to amiloride (a) but did respond to 2
chloride gradient {from 153 to 16 mM CI, chloride replaced gluconate
fglc, 133 mM). w = wash.

intestine in AF/AF mice. Meconium ileus, i.c. obstruction
of the intestine, is diagnosed in only 10% of neonatat CF
patients, and those patients show mucus obstruction in the
crypts. Other CF patients do not show severe mucus
accumulation but have distended glands and goblet cell
hyperirophy similar to our AF/AF mice (Thomaidis and
Arcy, 1963). Another typical feature of CF, progressive
lung inflammation accompanied by accumulation of
viscous mucus {Boat er al, 1989). is not observed in

cither AF/AF or knock-out mice under normal conditions.
However, it has been shown recently that CF mice,
when challenged with lung pathogens, do show increased
pathology compared with normal littermates (Davidson
et al, 1995}, It would therefore be interesting to subject the
AF/AF mice to a similar protocol. As many abnormalities in
CF patients develop with age, further histological analysis
will be done with mice older than those of 5-7 weeks
which we used for this study.

‘the virtual absence of lethal intestinal obstruction in
AF/AE mice differs from the ¢ffr knock-out models
described earlier. The latter were reported to have a 50-
90% mortality tate in the first 4 weeks, mainly due to
intestinal obstructions (Snouwaert ef al, 1992; O'Neal
et al, 1993; Rateliff ef al, 1992). The ¢ftr™'H0V insertion
mutant (Dorin et al., 1992) expresses low levels of normal
CFTR (Dorin et al., 1994) and has a low mortality rate.
This suggests that the mild phenotype of the AF/AF mice
is related to the residual chloride permeability observed.
However, mortality rates may prove a rather misleading
parameter. The colony of ¢ftr™“*™ mice in the Rotterdam
animal facility has a considerably lower mortality rate
than reported (<40% in the first 4 weeks versus 80% in
the first 5 days, Ratcliff et al, 1993). Apparently, the
breeding conditions have a major impact on mortality
rates. The phenotypic effect of residual chloride perme-
ability may be revealed by challenging knock-ont and
AF/AF mice with pathogens in parailel experiments.

Residual CFTR activity in AFfAF mice

The small but significant forskolin response observed in
ileum and gallbladder, and the response to a chioride
gradient in the nasal epithelium (Figures 5 and 6) of the
AF/AF mouse might be due to residual AFS08 CFTR
activity. An alternative chloride channe} (Clarke ef al.,
1994) seems a less plausible explanation since ¢ftrm!Ca™
knock-out mice completely lack a forskolin response in
the gallbladder (Table II) and intestine (Table L, Clarke
et al., 1992; Cuthbert et al., 1994} and show no significant
gluconate response in the nasal PD measurements (Table
IT}. Ca?*-activated chloride channels appear absent in the
ileun, as the ileum does not respond to carbachol with a
luminal hyperpolarization (Figure 7). Thus, the cAMP-
induced activation of Ca?*-dependent chloride channels
as described in mouse trachea (Grubb ef al., 1994b) seems
not to occur in the ileum or the gailbladder. It is conceivable
that the mouse AF508 CFIR is partially processed into
mature AF508 CFTR protein reaching the plasma mem-
brane. At present, it is not known whether the same
phenomenon occurs in CF patieats. Residual intestinal
chloride transport activity, observed in the minority of
AF/AF patients, is comrelated with mild disease (Veeze
et al., 1994). Since this has not yet been analyzed at the
tevel of single chloride channels, this activity cannot be
attributed unequivocally to CFTR. Further experiments
should determine the channet characteristics of the mouse
AF308 CFTR and the processing kinetics of AF508 CFTR
in differentiated mouse epithelial cells. The mouse and
human processing systems may differ with respect to the
kinetics of their interactions with the AF508 CFTR protein,
and the mouse AF508 CFTR may have different properties
from the human AF508 form, The AF508 mouse model
gives us an opportunity to study the CFTR processing
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Table I1, Responses to forskolin or gluconate of AF/AF and cftr™ = __ mice (APD in mV)

AF/AF Controls P /- Controls P¥ P#
Gluconate:
Nose -5.3 -83 ns ~15 -70 <0.001 s
n=6 n=6 n=11 n = |l
Forskolin: -
Gatlbladder -0.2 —~1.5 <0001 0.0 -1.2 <0.001 <0.0t
n=9 n=6 n=46 n =10
Intestine -0.5 -1.5 <(.001 0.05 <000
n=13 n=13 n=6

Control mice were helerozygous and homozygous wild-type Eittermates. Median values are given, with i1 indicating the number of experiments.
Mann-Whitney test: P* = P value comparing CF mice with likermates, and P# = P value comparing AF/AF mice with —/— ¢fe™Com ™% ne pnot

significant.

defect observed in a majority of CF patients in more detail
and allows us to test novel approaches for therapy of
CF in vivo.

Materials and methods

Embryonic stem cells

El4 ES cells {a gift of M. Hooper, Edinburgh) weze celured on 0.1%
gelatine-coated dishes in DMEM/60% Buffalo rar liver-conditioned
medivn/10% fetal calf serum (FCS) (Smith and Hooper, 1987)
supplemented with 1% non-essential amino acids (Gibco BRL, Life
Technologies), 0.1 mM 2-mercaptoethangl, antibiotics and 1000 U/m)
LIF {(ESGRO, Gibco BRL, Life Technologies) and passaged every
2-3 days.

Targeting constructs

CFTR genomic DNA was cloned from a 129/0la X library {provided by
G.Grosveld). A 2 kb EcoRl fragment containing exon 10 of the ¢fir
gene was mutated using standard site-directed mutagenesis 1echnology
to introduce @ AF508 deletion and a Sspl restriction site {(AAT ATC ATC
TYT = amino acids NIIF to AAT ATT AT. .T = amiao acids NEL). This
fragment of the mouse cfir gene was enlarged (o 5.7 kb by insertion of
2 4 kb Nsil fragment between the A5l site of the EcoRT fragment and
the Psif site of the pBluescript vector (pESENT). A casseite with a
thymidine kinase (TK) gene driven by a phosphoglycerate kinase
promoter (PGKTK, a gift of N.van der Lugt, Amsterdam) and a neomycin
gene driven by a PGK promoter {PGKNeobpA, Sorano ef al, 1931)
was introduced as a PGKTK-PGKNeo Sall fragment into the Xhol site
of pESEN7, generating pESTNAF+ (Figure 1A). This construct contains
a unique MsiT linearization site at 600 bp from the AFS08 and 2 uaique
SAI site at 1600 bp from the AFSO8. The mutant exon and surrounding
sequences were checked by sequence analysis.

Selection of Intagration mutants (Hit clones)

E14 ES cells (107) were electroporated in PBS (Ca™- and Mg?*-free)
with 5-10 g linearized plasmid in a Progenetor Il PG200, Hoefer Gene
pulser 21 350 Vicm, 1200 pF, 10 ms. Selection was started at 300 pg/m!
G418 (Gibco BRL, Life Technologies) the next day. Genomic DNA of
G418-resistant clones was digested as indicated, Southern blotted and
hybridized to probe A, a Haelll fragment upstream of the construct, 10
probe B, @ HindHI-Nsil fragment starting from the second Hindll site
in exon 10 or 1o probe C, a Bglil-Hindlil fragment ending on the first
Hindlil site in ¢xon 10 (Figure 1B), Targeted clones (Hit clones) with
a normal karyolype were used for the next step.

Selection of TK revertants (Run clones)

To obtain independent AF308 clones, a Hit ¢lone was grown on G418
for thres p followed by two passages on medium without G418,
on 10 different plates which were kept separate during the whole
procedure, To select for TK-nepative clones, the cells were plated at
3X10P cells per 10 cm dish and FIAU (Bristol Myers, Squibb) was
added at a concentration of 0.4 pM for 10 days. Colonies were picked
at days 7-10 and trenslerred to 24-well plates. FIAU-resistant clones
derived from the same plate were nol considered ta be independent.
Whea confluent. 2 clone was divided into three parts, for testing loss of

G418 resistance, for freezing and for DNA analysis. G418-1esistant
clones were discarded.

Generation and screening of AF508 mice

Blastocyst injection and re-implantation were performed as described by
Bradley (1987). Male chimeras were ¢rossed with FVYB mice. DNA was
isolated from tail segments (Laird g/ al., 1991} angd analyzed on Southern
blots as described for the Run ¢lones.

Analysis of the AFS08 allele

To check the correct transcription of the AFS08 allele, intestinal RNA
was isolated from AF/AF mice and control mice with the LiCHurea
method (Auffray and Rougeon, 1980). A PCR (30 cycles: 2 min 94°C,
2 min 47°C, 4 min 72°C) was cammied out with primers MCF] and
MCF4 located in exon & and at the 3" end of exon 10. A nested PCR
was don¢ with the same cycle parameters and with primers MCF2 and
MCF4 located inside and adjacent to the first primer pair. {$'—3'
sequence MCFl:geagasacaagaglatadsg, MCF2: aatgaccacaggeataale,
MCF}: caacaciculatatetgt, MCF4: cigetglagitggeaap), Part of the product
was digested with Sspl, which cuts the introduced Sspl site adjacent to
the AF508 mutation. The PCR products derived from AF/AF mice and
NN mice were cloned and sequenced.

Histological analysis of the AF/AF mice

The AF503 mouse strain has a [29/0ClaxFVB/N background and was
kept in a pathogen-free environment, Tissues were fixed in 40% ethanol,
5% HAC, 3.7% formaldehyde, 45% saline pH 7.3, and paraffin sections
were stained with Alcium blue, haematoxylin and eosin.

Electrophysiological analysis

Gallbladder and ileum were motnted in an Ussing chamber, under open
cireuit condisions. Experiments were performed at 37°C, The electrical
esistance of the epithelium was measured at intervals by the veliage
deflection following a calibrated cument pulse. The basic perfusion
solutions for gallbladder and ileum consisted of (mM): 105 NaCl, 4.7 KCI,
1.3 CaCly. 1.0 MgCly, 20.2 N2aHCO;, 0.4 NaH,PQy, 0.3 Na;HPO,, 10
HEPES, saturated with 95% O; and 5% CO,, pH 74. To the serosal
side of the ileum, 5 mM glucose was added. Nasal PD measureiments
were perforrned i vive essentlally as described by Grubl er al. (1994b).
Data were comecied for liquid junction potentials. The basic perfusion
solution consisted of {mM): 133 NaCl, 5 KCI, 1.5 CaCl, 1 MaCl,,
04 NaH, PO, 03 Na,HPOy, 5.5 glucose and 5 mM HEPES pH 7.4, 37°C.
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Abstract

The most prevalent mutation (AF508) in cystic fibrests pa-
tients Inhibits maturation and transfer to the plasma mem-
brane of the mutant cystic fibrosis transmembrane conduc-
tance regulator (CFTR). We have analyzed the properties of
a AF508 CFTR mouse model, which we described recently.
We show that the mRNA levels of mutant CFIR are nor-
mal In all tissues examined. Therefore the reduced mRNA
levels reported In two similar models may be related to their
intronic transcription uniis, Maturation of mutant CFTR
was greatly reduced in freshly excised oviduct, compared

with normal. Accumulation of mutant CFTR antigen in the
aplcal region of jejunum crypt enterocytes was not ob-

served, in contrast to normal mice. In cultured gallbladder
epithelial cefls from AF508 mice, CFIR chloride channel
activity could be detected at only two percent of the normal
frequency. However, in mutant cells that were grown at re-
duced temperature the channel frequency increased to over
sixteen percent of the normal level at that temperature. The
biophysical characieristics of the mutant channel were not
significantly different from normal. In homezygeus AF508
tice,we did not observe a significant effect of genetic back-

ground on the level of residual chloride channel activity, as

determined by the size of the forskolin response in Ussing

chamber experiments. Our data show that like its human

homologue, mouse AF508-CFTR is a temperature sensitive

processing mutant. The AF508 mouse is therefore a valid n

vive mede! of human AE508-CFTR. It may help us to eluci-

date the processing pathways of complex membrane pro-

teins. Moreover, it may facilitate the discovery of new ap-

proaches towards therapy of cystic fibrosis. (J. Cin, Invest.

1996, 98:1304-1312.) Key words: cystic fibrosis + chloride

channel » antibody + animal models « patch clamp
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Introduction

Cystic fibrosis is the most common iethal genetic disease in
Caucasian population (1, 2). It is caused by mutations in
gene encoding the cystic fibrosis transmernbrane conducta
regulator (CEFTR} (3). CFIR is a cAMP-regulated chlor
channel, which is expressed in the apical membrane of m
epithelia. The most common mutation in cystic fibrosis (€
patients is a deletion of a phenylalanine at position !
(AF508) (4). This mutation affects correct processing of
protein to its mature, fully glycosylated form (5, 6). The AFS
form of CFTR is refained in the endoplasmic reticulum 2
degraded, and docs not reach the apical plasma membrane
8). However, AF508-CFTR can function as a cAMP regulal
chloride channel, both in the endoplasmic reticulum (9) a
when expressed on the apical plasma membrane. The latter«
curs when AF508-CFTR expressing cells are cultured at k
temperatures {10) and when Vacocinia expression vectors z
used (11}, Celis cultured at lower temperatures, S{% insect ce
(12) and Xenopus oocytes (13), also express functional AR50
CFTR on the plasma membrane when transduced with
AFS08-CFTR e¢xpression vector. The clinical significance
this observation is that it may lead to a new approach towar
the therapy of CF based on relieving the processing defect.
an attempt to facilitate research in this field we have recent
reported the generation of a mouse mode with the AF30
CFTR mutation using the “hit and run” mutagenesis proc
dure (14). In this model the intron structure is not disturbed
contrast {o two similar models presented (15, 16). In our pres
ous studies we demonstrated severely reduced chloride perm
ability in several epithelial tissues, confirming a CF phenotyp
However, in Ussing chamber experiments with intact gall bla:
der and intestinal tissue from mutant mice we observed a sma
residual cAMP regulated chloride secretion, possibly due 1
the presence of some functional AFS03-CFTR (14). Ou
present study shows that the mouse AF508.CFTR is not pr¢
cessed efficiently to the fully glycosylated form in vivo. Hov
ever, the mutant protein is expressed as functional chlorid
channels in the plasma membrane of cells cultured at reduce
temperature. Furthermore, we could show that the electic
physiological characteristics of the mouse AFS08-CFTR chan
nels were indistinguishable from normal.

1. Abbreviations used in this paper: CF, cystic fibrosis; CFTR, cysticfi
brosis transmembrane conductance regulator,
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Methods

Animals. All animal experiments were performed according to the
guidelines issued by the Dutch government concerning animal care.
Mice with the AF508 mutation were described by Van Doominck et
al. (14). Mice with 2 targeted disruption in the CFTR gene (dtr=i«=
knockout mice, CF—/-) resulting in complete boss of function were
obtained from Ratcliff ¢t al. (17). All animals were bred under patho-
gen-free conditions in our transgenic unit. The genotype of cach indi-
vidual anima} was tested by Southern blotting of tail DNA. The CF—/-
animals in our facllity display fess severe runting and lower mortality
due to Intestinal obstruction as reported for the Cambridge colony,
which may be due to breeding conditions. All physiological parame-
ters measured, nasal potential differences (PD), intestinal and gall
bladder PD measurements (14, 174), confirmed the CF—/— pheno-
type of these animals. The animals used for the experiments reported
here were 5-6 wk old, without obvious signs of disease or discomfort,
with an average weight of 23%3 grams. All experiments invoiving
AF508 mice were performed with the strain in 129/FVB genetic back-
ground (14) using littermates as contro! in parallel experiments. The
experiments preseated in Fig. 7 were performed with three different
AF308 CFTR mouse colonies as described in text,

Quantitative PCR analysis. Two mouse specific oligonucleotides
MCF2 (§'-AATGACCACAGGCATAATC-¥), and MCF3 (5-CAA-
CACTCTTATATCEFGTAC-3') were synthesized. The sequences are
localized in exons 8 and 10, respectively, and generate a mouse CFTR
mRNA-specific 403-bp fragment in RT-PCR analysis. Total RNA
was isolated by extraction of various mouse tissues or cultured cells in
guanidine isothlocyanate and centrifugation through a 52 molfliter
CsCl slep-gradient, ‘The RNA was reversed transcribed to cDNA by
adding 10 U Avian myoblastoma virus reverse transcriptase {AMV-
RT}in 20 p1 ¢cDNA buffer (7 pg heat denatured RNA, 0.8 pmolliter
antisense oligonucleotide primer MCF3), 10~* molfliter dNTP’s, 0.05
mobliter KCl, 0.02 molfliter Tris-HCI pH 8.4, 0.0625 molfiter MgCl,,
0.1 gramsftiter bovine serum albumin and 20 U of RNasin for 1 h at
37°C. The 50 1 PCR assay contained 0.3.10~* mol/liter sense and an-
tisense oligonucleotide primer (MCF2 and MCF3, 0.2.10~? molfliter
dNTP's, 4 ul ¢DNA mix, 0.03 molfiter KC1, 0.02 moliter Tris-HC|
ph 8.4, 25,1072 molliter MgCl,, and 0.1 grams/titer bovine serum al-
bumin. After denaturing at 94°C, 5 U Taq polymerase was added at
72°C, Standard cycling program: 30 cycles of denaturation for 2 min
at 93°C, primer annealing for 2 min at 47°C., and elongation for 4 min
at 72°C. Aldolase A oligonuclestide primers, which amplify a 442-bp
¢DNA fragment, were as in Bremer et al. (18). To check the quality
of the RNA and the PCR procedure, the amplification of aldolase A
sequences was done in parallel, under the same conditions as de-
seribed above for CFIR. PCR producis ‘were separated on a 1.5%
agarose gel. For quantitative analysis of the PCR reaction, equat
amounts of total RNA isolated from different tissues were subjected
to an RT-PCR protocol in parallel incubations. Aliquots were with-
drawn at regular intervals from the PCR and subjecied to Sowthern
blotting. Radicactivity was measured with a Phosphorimager (Molec-
ular Dynamics, Inc., Sunnyvale, CA).

Western blot analysis of oviduet. Female mice of different pheno-
types were anesthetized with ether. The lower abdomen was opened
and the oviducts were dissected, After rapid excision the oviducts
from one mouse were pooled and immediately solubilized by vortex-
ing followed by brief sonication in 30 i of modified Laemmii sample
buffer (Tris-HCI 0.06 molfiter, 2% (wiivol) SDS, 15% (wtivol) Glye-
€r01,2% (volivol) f-mereaptoethano], 0,05 grams/liter feupeptin, 0.05
gramsfliter soybean (rypsin inhibitor, .03 gramsfiter phosghorami-
don, 107" molditer Pefabloc {Bochringer Mannheim, Mannheim,
Germany), 10-* moliter benzamidine, 0.1% {wt/vol) bromophenol-
blue, pH 6.8). The samples were incubated for ten minutes at 37°C
and centrifuged (2 min, 8,000 g). Samples of the supernatants {10 i,
containing about 20 yg protein) were separated on 6% poly-aceyl-
amide slabgels using a Bio-Rad Miniprotean apparalus (Bio-Rad
Laboratories, Herfordshire, UK), Proteins were subsequently electro-

blotted onto nitrocelulose paper {0.1 pm pore size, Schleicher and
Schuell, Inc., Keene, NH) in 0.025 molfiter Tris, 0.192 molliter gly-
cing, 20% (volfvol) methanol. The blots were then incubated over-
night at 4°C with 0.02 molliter Tris-HCY, 0.5 moltiter NaCl, 0.05%
(wtivol) Tween20 {TTBS), followed by an overnight incubation at
4°C with a 1:3000 dilution of affinity purified antibody R3195 in
TTBS. The blots were washed three times in TTBS, incubated with
peroxidase conjugated anti-rabbit IgG (Tago Inc., Burlingame, CA,;
1:3000 in TTBS for 2 h), and washed four times with TTBS. Peroxi-
dase activity was detected with bioluminescence reagents (Amer-
sham, Bravnschweig, Germany) on x-ray film. The rabbit polyclonal

" antibody R3495 was developed against the 13-amino acid COOH.

terminal peplide sequence of rodent CFTR, conjugated to bovine
thyroglobulin. The antibody was affinity-purified on a peptide-
epoxide activated Sepharose column, eluted with 4.9 molfiter MgCl,,
dialyzed and concentrated.

Immunocytochemistry. Non-fasted mice were killed after inhala.
tion anaesthesta. Intestinal tissues were quickly removed and frozen
in OCT embedding medium (Miles Lab., Elkhardt, In.} using liquid
nitrogen cooled 2-methylbutane, Cryosections (5 pm) were fixed with
3% {wtivol) paraformaldehyde {10 min} and methano!l (20 min),
washed with phosphate-buffered saline supplemented with 1% bo.
vine serum albumin and protease inhibitors before incubation with
the anti CFTR antibedy R3195 {1/500). Antibody labelling was de-
tected with FITC conjugated anli-rabbit F(ab)2 fragments (Boch-
ringer, Mannheim, Germany).

Gall bladder epithelial celf culture. Gall bladders were removed
from the animal. Aiter the bile was washed out with RPMI-1640 me-
dium supplemented with 100 U/m! peniciltin, 0.1 gramsfliter strepto-
mycin, and 0.62 molfliter Hepes pH 7.2, the gallbladders were cutinto
small pieces and embedded in I mm collagen gels (Sigma Chemical
Co., 8t. Louis. MO; Calf skin type I), The explant cultures were incu-
bated at 37 °C in a humidified 10% COy/air mixture in Dulbecco’s
Madified Eagle’s Medium {DME) supplemented with 100 U/mi peni-
dllin, 0.1 grams/liter streptomycin, 0.002 motditer glutamine, and
10% fetal call serum. Mouse gali bladder epitheliat cells could be cul-
tured for up to 3 wk, with medium changes every 2-3 d.

Patch clamp analysis. Patch ¢lamp experiments, data sampling
and analysis were performed as previously described (19). Patch pi-
peltes, borosilicate glass {Clark GC150-TF) were pulled to a resis-
tance of 3-8 MOhm. Excised patches were transierred to a solution
exchange compartment (19}, This allowed us to add various sub-
strates (ATP, protein kinase A) and to change the buffer composi-
tion to a I, F~, NO3~, Br~, or gluconate buffer. Pipette {external}
and bath (internat) sofutions contained {molliter) 0.14 NaCl, 5.167*
KCH 1.2.1073 Mg(,, 0.15. 1073 CaCly, 10~ EGTA, and 5.10-? Hepes.
Final Ca?* conceniration was 10-* M, pH 7.4. Low chloride buffer
was identical except that it contained 0.14 molliter Na-gleconate in-
stead of NaCl, except for the low chioride pipet buffer used to ana-
lyzes normal mouse CFER. This buffer contained {molliter) 0.140
N-methyl-d-glecamine (NMDG), 5.1073CaQ1, 2.10-*MgCl,, 1072 Hepes
and 0.1 D-Aspartic acid adjusted to pH 722, final chloride concentra-
tion 49.10~% High (0.427 molliter) chioride buffers contained 0,420
molditer NaCL In other buffers 0.140 molfliter NaCl was replaced
with either Nal, NaBr, NaNO,, NaF, or Na-Gluconate, ail 0.140 mol/
liter. All expetiments were performed at 37°C. A List EM-EPC 7
{Darmstadt, Germany) amplifier was used for current amplification
and voltage clamping. Data were digitalized (Sony PCM-F1) and
stored on videotape. For analysis, data were filtered at 50 Hz, sample
frequency 100 Hz, and transferred to a personal computer (Tulip
386sx). Pipelte potential refers to the voltage applied to the pipette
interior with respect to the {grounded) bath. Positive (upward) cut-
reqls represent negative charge flowing out of the pipette. Vy_o was
corrected for the tiguid junction potential. Experiments presented in
Fig. 6 were performed blinded with respect to the genolype of the
celis under study.

Ussing chamber experiments. Mouse gallbladder and caecum
were mounted in an Ussing chamber, basal electric potential and re-
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Figure 1. Quantitative analysis of
!/’ CFTR mRNA expression. Tota
RNA from normal and mutant
mice was isolated from different
tissues and subjected to RT-PCR
| % analysisin parallel experimentsas
F described, Specific primers in

mouse Cftr exons 8 and 1¢
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10 12 14 15 18 20 22
gous mice (AF/+) were digested

with Sspl before Southern analysis (A-C). Data indicate the amount of PCR product from the normal aliele (403 bp, @8 ) and from the AF508
allele {359 bp, &4} when RNA was isolated from salivary gland {A), caecum {B), and jejunum () of heterozygous mice. PCR preducts from
homozygous normal (@-#) and homozygous AF508 mice {A-A ) were compared in paralle], using RNA isolated from salivary gland (D), caccum
(E), and jejunum {F). The data show that there is no significant difference in the levels of mutant and normal CFTR mRNA. RNA from CFTR
knockout mice {17} did not produce a PCR product in a paraliel experiment whereas the aldotase primers produced comparable amounts of

PCR product in all samples tested {not shown).

sponses to forskolin (10-* molfiter) were determined as described by
van Doorninck et al, (14).

Statistical analysis, Significance analysis was tested with linear re-
gression analysis for the current-voltage data presented in Fig. 5, and
with a Student’s ¢ test (unequal variance) for the channel frequency
determination {Fig. 6)

Results

AF508 mice have normaol CFTR mRNA levels. The AF308 mouse
model from our laboratory was generated by the “hit and run”
procedure. With this method the mutation is introduced in an
otherwise normal mouse cfir gene, Therefore, CFTR mRNA
transcription and processing rates are expected to be normal.
This is particularly important as low AF508-CFTR mRNA lev--
els were reported in tissues of two other AFS08-CFTR mouse
models which were made while introducing a selectable
marker in the intron structure (15,16). To investigate this we
have performed quantitative RT-PCR analysis with RNA iso-
lated from heterozygous and homozygous AF308 mice. As
controls we have used normal littermates and homozygouscfir
knockout mice {(17). The PCR product from the mutant allele
contains an Sspl restriction site which is not present in the wild
type atlele (14). This allowed us to accurately determine the
ratio of nonmal and mutant CFTR mRNA in a single PCR ex-
periment with RNA from a heterozygous animal. With this ap-
proach we can rule out variations introduced by differences in
reaction conditions and quality of RNA preparations, Our
data show that the steady state levels of normal and AF508-
CFTR mRNA are virtually identical in different regions of the
intestine and in salivary gland (Fig. 1, A-C). Therefore, the
mutation that we have introduced does not significantly affect
mRNA synthesis processing or stability in epithelial tissues. In

experiments with RNA isclated from homozygous animals
AF308-CFTR, mRNA levels did not differ significantly from
normal values (Fig. 1, D-F), This confirms that also in ho-
mozygous deficient animals expression of the gene in these tis-
sues is not reduced,

Abnormal processing of AFS08-CFTR in mouse oviduct.
Western blot analysis (N = 3) of mouse CFTR from normal
oviduct {Fig. 2, +/+) showed the characteristic pattern as ob-
served for human CFIR, a core-glycosylated form {band B)

AFAF ——  +/+

Figure 2, CFTR in mouse ovi-
duct. Oviduct from normal
(+/+), homozygous AFS(8
(AF/AF), and CFTR deficient
{—/-) mice were subjected to
Western blot analysis as de-
scribed in the methods section.
Cindicates the fully glycosy-
tated form of mouse CFTR an-
tigen, B indicates the core-gly-
cosylated precursor. The data
show (hat AF308-CFFR is not
glycosylated to the same ex-
tent as the normal form.
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Figure 3. CFTR in mouse jejunum. Immunocylochemical detection of CFTR antigen in jejunal crypts from normal (A and B, +1+ cftr=!*® col-
ony; Eand F, +/+ AFS508cfir colony), CFTR deficlent (—/— cftr>'*=} mice (C and D}, 2nd homozygous AF503 mice (G and H), and was per-
formed as described in the methods section, using a polyclonal anfibody against the murine CFTR carboxy terminal. Normal crypts show intenss
staining of the apical region of the epithelial cells. This is not observed with erypts from CFTR ~/~ mice or in AF/AF mice.
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and forms conlaining complex N-linked oligosaccharides
{band C) (3). In aviduct from a mouse with a complete ioss of
function mutation (Fig. 2, —/—) (17) these bands were nol ob-
served, Oviduct from a homozygous AF508 mouse (Fig. 2, AF/
AF) produced a prominent band B and some band C antigen.
The ratio of B over C is increased over 50-fold compared with
the normal ratio as estimated by scanning the original radio-
graph. This strongly suggests that processing and subsequent
glycosylation of mouse AFS08 CFTR is severely affected in
this tissue, as described previously for the human form of
AF508 CFIR (5, 6). Gallbladder, pancreas and intestine did
not give reproducible data with this technique.

Mouse AFS08-CFTR is not efficiently transported fo the api-
cal membrene. Immunocytochemical detection of CFTR anti-
gen in normal jejunal crypt shows intense staining of the apical
region of all crypts (N = 7, Fig. 3 A, B and E, F). This is in ac-
cordance with immunocytochemical localization studies pub-
lished previously for buman intestine (20}. In jejunal crypts
from mice witk a loss of function mutation {17), o CFTR-sp¢-
cific apical staining is observed (N = 6, Fig. 3, C and D). This
confirms the specificity of the staining. Jejunum crypts of ho-
mozygous AF508 mice generally showed no clear apical CFTR
antigen {N = 6, Fig.3, G and H)}. In some preparations {three
out of six} a diffuse cytoplasmic stain was observed in the epi-
thelial crypt cells. The immunoecytochemical method used here

is characterized by an inherently nonlinear refationship be
tween signal intensity and local antigen density. Moreover th
absolute level of staining intensily varies per experimen!
Therefore we can ngither quantitate the level of correct pro
cessing nor the level of antigen expression in homozygou
AF3508 mice with any accuracy. The data presented show tha
despite the normal CFTR mRNA ievels in AF/AF mice (Fig. 1)
the amount of apical CFTR antigen in the jejunum crypt &
greatly reduced. This is in agreement with our functional stud
ies in intestinal tissue of mouse (14) and human (21} AF508-
CFTR mutanis. Moreover, it is in agreement with immunocy
tochemicat studies in airway cells (22) and in cel culture (23}
Other tissues that we have fested for CFTR specific staining
with this method (gallbladder, cystic duct, pancreas) did not
show consistent specific staining above background signals ob-
served in tissites from knockout mice.

Patch damp analysis of mouse AFS08-CFTR. CFTR mRNA
is expressed in mouse gallbladder epithelial cells, both in situ
and in primary culture (174), We have determined the number
and properties of normal and AF508-CFTR chioride channels
by patch clamp analysis of mouse gallbladder epithelal cells in
primary culture. In excised membrane patches from unstimu-
lated normal (+/+ and +/AF) cells, a linear 5.1x0.1 pS {SE)
could be activated by the addition of protein kinase A in the
presence of ATP (Fig. 4 A). In cell attached membrane

unstim
1.5' cAK

Figure 4, Characterization of nor-
mal and AF508 CFIR chloride
channel activity. Current tracings
of CFTR activity in excised
patches from normal {A and B)
and AF508 (C and D) mouse galk-
biadder epithelial cells cultured at
27°C, Unstimutated excised, in-

- ATP
+ ATP

unstim

side-out patches from culiured
gallbladder epithelial cells gener-
ally showed no channe! activity.
Upon a short incubation with the
catalytic subunit of protein kinase
A (cAK,2mWml}in the presence
of 2.10-2 moVliter ATP, a low con-
ductance channe} was observed in
both normal and AF508 cells (4
resp. C). Active patches of forsko-
lin stimulated cells became silent
upon excision (B and D, —ATP),
but could be reactivated by the ad-
dition of 2.1073 molfliter ATP
alone both in normal {B) and
AF508 CFTR (D, +ATP). (E)
Cument tracings at different hold-
ing potentials from normal (feft
tracings) and AFS08 CFER (right
tracings}. Holding potential was
+40 mV scale bar as indicated, ex-
cept for € where the holding po-
tential was + 60 mV, scale bar 45,
1.5pA.

5' cAK

- ATP
+ ATP
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patches of forskolin-stimulated normal cells channels were ob-
served at an average of 27.6+16.5 (SEM) per patch (Fig. 6
{eft}. Bxcision of the membrane inactivated the channel but it
could be reopened by addition of ATP (Fig. 4 B). Considering
the resemblance with human CFTR (3) we conclude that these
linear chloride channels represent normal mouse CFTR. The
only difference observed between mouse and human CFTR is
the lower conductance of the channel (human CFTR 8.0+0.6
PS) (3). In homozygous mutant cclls cultured at 37C the num-
ber of functional CFTR channels per patch is about 1% of nor-
mal (+/+ and +AF, P < 002) (Fig. 6), but not zzro. These
data confirm our conclusion that the expression of CFTR ac-
tivity on the plasma membrane of homozygous mutant cells is
greatly reduced but not completely absent (14). In cells ex-
pressing human AF508-CFTR an increase of apicat channel ac-
tivity has been observed when cells were grown at reduced
temperature, which is associated with a conversion of core-to-
complex chain plycosylation and increased apical localization
of AF308-CFTR (10). In normat {+/4) and heterozygote (AF/
+) mouse gall bladder cells grown at 27°C for 3-7 d we ob-
served a twofold decrease in CFTR channel frequency com-
pared to 37°C (Fig. 6). In contrast, AF/AF cells cultured at Z7°C
show a considerable increase in AF508-CFTR channe! fre-
quency compared to cells cultured at 37°C (P < 0.05). The av-
erage number of channels per patch was 16% of the average
observed in normal cells cultured at 27°C (Fig. 6). The high fre-
quency at which the AF508-CFTR channel was observed in
cells cultured at jower temperatures enabled us to study its
properties in detail. AF508-CFTR could be observed in cell at-
tached patches after addition of forskolin, The channe! be-
came sitent upon excision buf could be reactivated by the addi-

tion of ATP (Fig. 4 D). Bxcised membrane patches from
unstimulated AF/AF cells were silent, but CFTR-like channet
activity was observed by the addition of protein kinase A plus
ATP (Fig. 4 C). These data show that mouse AFS08-CFTR has
a normal protein kinase and ATP regulation. Mouse AF508-
CFTR is a linear 4.9+0.1 pS chioride channel, similar {0 nor-
mal mouse CFIR, 5.1+0.1 (SE) (Fig. 5, A~B). Lowering orin-
creasing the chloride concentration in the bath results in a shift
in the reversal potential (Vy..o), indicative for anion selectivity
(Fig. 5, A-B). The relative calion to anion permeability, P,/
P = 0.14 and 0.16 for normal and AF508-CFTR respectively
{calculated from the least permeant anion, ie., F~). When
chloride was substituted for other monovalent anions the rela-
tive permeability was determined as NOy;™ > Br- > CI" > >
glaconate > F- for both normal (Fig. 5 C) and AF508-CFTR
(Fig. 5 D). Iodine had a high affinity but low permeability for
both notmal and AF508-CFTR {Fig. 5, C and D) which is a
characteristic for CFTR (3). The open probability (Po) of
AF508-CFTR {0.33+0.04) is comparable with normal mouse
CFTR (035x0.4) {n = 5, values=SE, excised patches from
forskolin activated ceils in the presence of ATP). The Po of
both normal and mutant CFTR was voltage independent.
Channel “flickering,” i.e., the number of closing events during
& period of activation, alse did not differ significantly between
AFAF (3992070 s~%, n = 12) and normal (+/+4) cells
(3.23+0.55 571, n = 7 patches, +SE), We conclude that, similar
to human AF508-CFTR, trafficking of the mouse AFS08-
CFTR to the plasma membrane is greatly increased at reduced
temperature. Moreover, the biophysical properties of the
mouse AF508-CFIR channel do not differ significantly from
the wild type form.
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Figure 5. Curreni-voltage charac-
teristics and relative anion perme-

ability of normal and AF508
mouse CFTR. Curyent-voltage re-
lationships of normal (A and €}
and AFS08-CFIR (B and D). At
equal pipet and bath chloride con-
centrations (8-8, 0,150 molliter)
beth normal and AF503-CFTR
show a linear conductance of
51201 resp. 49+0.1 pS. A shift
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Figure 6. CFTR chloride channels in gall bladder plasma membrane.
CFER channel activity on plasma membrane of cultured gallbladder
cpithelial cells was recorded with patch damp analysis as desaribed.
Cells were cultured either at 37°C (fefi) or at 27°C (right} for 3-7d be-
fore analysis, Forskolin stimulated cells were recorded for two min-
utes in the on ¢ell patch clamp configuration, fotlowed by a 1-18-min
recording in the excised patch configuration in the presence of 2 mM
ATP. CFTR, channel frequency was cafculated from the equation s =
L/(1,*Po) where n Is the calculated number of levels, 1, is the average
current in the pateh, It Is the current of one channel at holding poten-
tial, and Po is the open probability. When 4 or less levels of activity
were observed in the pateh the equation was not used, in these cases
the number of channels correspond directly to the number of current
levels observed. Patches which showed no CFTR activity were scored
as zero. Celis were obtained from parallel cultures of littermates, (@)
Homozygous mutant, AF/AF (cells from 3 mice at 37°C and 8 mice at
27°C), (A) heterozygous mutant -+/AF (3 and 4 mice); (V) homozy-
gous normal +/+ mice (2 and 1 mice).

Inefficient processing of mouse AF308 CFTR is observed in
different genetic backgrounds, The most seasitive available
measure of apical CFTR aclivity is probably the steady state
response to forskolin in Ussing chamber experiments. Using
this method, we have previously shown low but sigoificant re-
sidual AF508-CFTR activity in different tissues of homozygous
AT508 mice when compared to ¢ftr™™® knockout mice that
showed no activity (14). Next, we studied whether genetic
background influences the level of AFS08-CFTR processing,
The 129*FVB and 129*C57BY/6 AF strains were obtained by
introduction of the original mutant clone (129/0la} in FVB
and C57BL/6 blastocysis respectively, AF/+ {129*FVB) mice
were crossed with cftr™%® knockout mice (KO) that are
129*CS7BL/6. The forskolin response of gallbladder and cae-
cum of these different AF mouse strains was monitored in
Ussing chamber experiments. For all strains the forskolin re-
sponse was equally reduced in homozygous AF/AF and in AF/—
mice (Fig. 7). All individval measurements from AF mutant
mice are in the same range with only one exception observed
(Fig. 7). The data show no evidence for dominant alleles in ¢i-
ther the 129/0la, FVB or C57BL/6 inbred genetic backgrounds
that significantly increase or reduce the level of AFS08-CFTR,
processing. However, one homozygous AF/AF mouse in a
129*FVB background did show a response to forskolin in the
normal range using gallbladder (Fig. 7 A4) and ileum {not
shown}. Therefore, more complex relationships involving sev-
eral genetic foci can not yet be excluded and require further
study.
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Figure 7. Forskolin responses in homozygous AF/AF mice gallbladder
and caecum in mice strains with different genetic backgrounds. Gall-
bladder (A) and caecum (8B) of mice from AF508 CFTR strains with
different genetic backgrounds were mounted in the Ussing chamber
and monitored for their electrical response to forskolin (APD, mV).
129/FVB and 129/B16 were obtained by blastocyst injection and cross-
ing into FVB and C57BL/6 type animals. 128/FVB/BI6 was obfained
by crossing AF/+ (120/FVB) with +/—~ cftrm'™ {120/CSTBLS). (4)
+/+, +/4 and +/— mice; (®) AF/AF mice; (#) AF/— mice,

Discussion

CFTR mRNA expression is normal in mutant mice. Using 1he
“hit and Tun” procedure, we have generated a AF508-CFIR
mouse model without modifying the intron structure of the
CFTR gene (14). Our quantitative PCR data show that in het-
erozygoles the expression levels of normal and mutant alleles
are comparable in intestine and salivary gland. Also in ho-
mozZygote normal and mutant mice the expression Ievels are
not significantly different. In two other AF508-CFTR mouse
models created by homologous recombination, low CFTR
mRNA levels were reported in salivary glands and jntestine
(15, 16). In these models an expression cassette encoding a se-
lectable marker was introduced into the flanking intron, in ad-
dition to the AR08 mutation in exon 10. Comparison with our
data suggests that the presence of this transcription unit affects
the CFTR mRNA levels by interfering with RNA polymerase
activity or RNA processing.

Manzation of mouse AFS08-CFTR is abnormal. Imamunochen:
ial analysis of CFTR expression in intact mouse tissues is diffi-
cult with the available antisera. This can be attributed in part
to relatively low expression levels as in gallbladder tissue (17a)
and to proteolytic activity, especially in intestinal tissue (H.R.
de Jonge, unpublished data). This limits the scope of our inves-
tigations to tissues that give consistent and reproducible data.
We were able to make reproducible western blots of total ovi-
ducts from nermal and mutant mice with a purified antibody
raised against the carboxy terminus of rodent CFTR (Fig. 2.
The data show that CFTR aatigen is produced in both normal
(+/+) and mutant {AF/AF) mice, but not in CFTR deficient
(/) mice. However, the proportion of mature, fully glycosy-
lated CFTR is severely reduced in homozygous mutant. We
conciude that the AF508 mutation in the mouse CFTR protein
results in a processing defect similar to that observed with hu-
man AFS08-CFTR. The available evidence suggests that trans-
fer to the Golgi system and subsequent full glycosylation of the
human mulant protein does not occur, because proper chaper-
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onin-dependent folding is arrested in the endoplasmic reticu-
lum {7, 8,10). With the same antibody as used for western biot
analysis, we could show specific staining of the apical region of
normal mouse jejunum crypt epithelial cells {Fig. 3, A, B, E,
and F). Specificity of the staining was verified with serum pre-
absorbed with the antigenic peptide {not shown) and jejunum
of CFTR-deficient mice {Fig. 3, Cand D). This is in agreement
with jocalization studies in human intestine {20) and rat {24).
In jejunum crypts of mice homozygous for the AF508 mutation
we did not observe a preferential staining of the apical region.
Most crypts seemed devoid of specific staining. However, with
this method we cannot rule out that cytoplasmic CFTR is
present (note that also in control cells no specific cytoplasmic
staining above background can be seen Fig. 3). In several prep-
arations seme crypts did stain more intensely than background
but the signal was not concentrated to the apical region as in
normal crypts. These observations are in agreement with a
processing defect of mouse AFS08-CFTR that prevents {rans-
focation of the protein to the apical region.

Temperature dependent apical targeting of AF508.CFTR.
Airway cells of AF508 mutant mice in primary culture have in-
creased cAMP-induced chioride conductance when cultured at
reduced temperature {16). We were unable to detect CFIR
chioride channel activity in primary airway cells using patch
clamp single channel analysis ( P.J. French, unpublished data).
In contrast, cultured mouse gall bladder cells provide a conve-
nient system for the study of CFTR with this method. This ai-
lowed us to show that the actual frequency of active mutant
CFTR molecules at the plasma membrane is increased by in-
cubation of the gallbladder cells at low temperature, In ho-
mozygous mutant cells cultured at 37C few CFTR channels
were observed, i.e,, 1% of the normal level at this temperature
(Fig. 6). The expression of AF508-CFTR channels increased to
16% of normal levels when ceils from homozygous mutanis
were grown at 27°C (Fig. 6). A similar behavior was observed
with human AF508-CFTR (10).

Channel activity of AF508-CFTR. The channel conduc-
tance and anion selectivity of mouse AFS08-CFTR is in our
analysis indistinguishable from normal mouse CFTR (Fig. 4).
In addition, the open probability {Po) and number of closing
events during a burst of activily of AFS08-CFTR are normal.
Studies of human AF508-CFTR are inconsistent at this point
as two groups reporied normal conductance but reduced Po
for human AF508-CFTR (10, 11} whereas others claimed a
normal conductance and Po (25). Since the activity of the
CFTR chloride channel depends on a2 number of parameters in
particular the state of phosphorylation of the protein, the te-
ported difference in refative Po may result from differences in
experimental conditions.

Residual activity of AFS08.CFTR. Both Ussing chamber
experiments (14) (Fig. 7), and patch clamp analysis (Fig. 6) in
our model indicated a low but significant level of apical activity
of mouse AF508-CFTR at physiological temperature. This is
confirmed by the western blot analysis (Fig. 2), which shows a
low level of fully glycosylated CFTR. Interestingly, a minority
of human AF508 CFTR homozygotes possess a small residuat
intestinal chloride permeability, which correlates with a rela-
tively mild clinicaf status (21). Unpublished data showed that
in some, but not all, cases this activity is insensitive lo the chan-
nel blocker DIDS (H. Veeze, personal communications). This
would suggest that in these cases the residual activity is due to
AF508-CFTR. 1t is possible therefore, that a significant level of

comrect processing is also present in a subgroup of human
AF3508 CFTR homozygoles. Immunocytochemical analysis of
airway cells from AF508 CFTR patients seem to confirm this
{26). It wilt be of great interest to analyze the genetic and envi-
roumental factors which contribute to this phenomenon. Our
current data indicate that the level of mutant CFTR activity, as
determined by Ussing chamber experiments, is quite constant
in the different genetic backgrounds tested {(Fig. 7). The one
exceplion to this rule we found sofar is intriguing, but exten-
sive further studies are required to establish a genetic basis for
this effect. The level of AF508-CFTR processing could differ in
various tisswes and small variations in apical activity levels
could have profound effects on pathelogy. Our electrophysio-
fogical data, supported by immunochemical data, show that in
all epithelial tissues studied sofar the AF508 mice have se-
verely reduced apical activity. However, a careful analysis of
AF508-CETR processing Kinetics may reveal subtle differences
between cell types.

Applications of the AF508 mouse model. Our data show that
the tissues of the AFS08 mouse model provide a valid model
for the processing defect of the human AF508-CFTR mutation.
It gives us {he opportunity to study several aspects of CFIR
function in more detail in intact tissues. CFTR is active in intra-
cellular compartments (9}, possibly affecting the pH of vesicu-
lar compartments. This could explain why CFTR deficient
cells produce mucins and surface glycoproteins with abaormal
carbohydrate structures {27-31), These abnormalities may contri-
bute to the formation of abnormat secretions and to the reduced
clearance of airway pathogens characteristic of CF. CFTR is
involved in regulaied endocytosis and exocytosis in some cell
types (32, 33). In addition, recent evidence suggests that CFTR
either directly or indirectly interacts with other ion transport
systems (34, 35). AF508-CFTR expressed in epithelial cells
may be partially active in these processes. Therefore, we may
expect to observe differences between AFS08 mice and mice
with complete loss of function sutations (kneckout). It will be
interesting to compare AF508 mice with knockout mice in an
experiment in which the mice are chalienged with lung patho-
gens (36), Furthermore, the AF508 mouse model will atlow us
to study conditions that may enbance the activity of AF308-
CFTR at the apical epithelial membrane in vitro and in vivo,
Processing of normal CFIR involves chaperonin mediated
folding and core glycosylation at the endoplasmic reticulum.
This is followed by full glycosylation in the Golgi system and
transport to the apical membrane, It is a rather inefficient pro-
cess since approximately 75% of normal CFTR is degraded in
immature form by cellular proteases (7, 8). Processing of
AF508-CFTR to a fully glycosylated apical form is severely re-
duced. The striking stimulating effect of reduced temperature
on AF508-CFTR expression, both with human and mouse mu-
tants, suggests that the processing block can be relieved within
the range of physiological conditions. We can consider several
approaches towards finding therapeutic substances. Com-
pounds which interfere with AF508-CFIR-chaperonin interac-
tion may improve processing by relaxing the quality control
mechanism. An example of this may be glycerol, which has an
effect comparable to low temperature (37). Inhibition of
CFTR degradation may improve processing of mutant CFIR,
although this approach has not been successful to date (7).
CFTR at the plasma membrane is activated by ATP binding
and multi-site phosphorylation of the large cytoplasmic regula-
tory domain (3, 38). Therefore, substances that stabilize the
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open state of CFTR {39, 40) or inhibit protein phosphatases
(41-43) are expected to improve the activity of both normal
and AFS03-CFTR- These studies may lead to new develop-
menls, not only in our understanding of membrane protein
processing, but also towards effective therapies for CF.
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