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The cystic fibrosis transmembrane conductance regulator

(CFTR) gene is highly conserved within vertebrate species. Its

pattern of expression in �i�o seems to be tightly regulated both

developmentally and in a tissue-specific manner, but shows

differences with species. To identify transcriptional regulatory

elements in the CFTR promoter region, we have used a combined

approach based both on the analysis of the chromatin structure

in �i�o in rat tissues and on evolutionary clues (i.e. phylogenetic

footprinting). In CFTR-expressing tissues, 15 DNase I-hyper-

sensitive sites were identified within a 36 kb region encompassing

exon 1. Eleven of them are clustered in a 3±5 kb region that

exhibits eleven phylogenetic footprints observed when comparing

sequences from eight mammalian species representing four orders

(Primates, Artiodactylia, Lagomorpha and Rodentia). Com-

parison of the two sets of data allows the identification of two

types of regulatory elements. Some are conserved between species,

such as a non-consensus cAMP response element (CRE) and a

PMA-responsive element (TRE) located respectively at positions

®0±1 and ®1±3 kb relative to ATG. Some are species-specific

elements such as a 300 bp purine[pyrimidine (Pu[Py) stretch

INTRODUCTION

Regulation of expression of the cystic fibrosis transmembrane

conductance regulator (CFTR) gene, which is altered in cystic

fibrosis [1], is complex. Both CFTR mRNA and protein are

highly conserved within a wide range of vertebrate species

representing evolutionary distances of up to 420 million years.

They show patterns of expression in �i�o that seem to be tightly

regulated both developmentally [2,3] and in a tissue-specific

manner [4,5], but with differences depending on the species.

Expression of CFTR is mainly restricted to epithelial cells in the

lung, intestine, pancreas, gall bladder, kidney, salivary and sweat

glands, testies and uterus. In each of these tissues only a

subpopulation of specified cells is involved in CFTR expression.

For example, in the human respiratory tract, the predominant

site of epxression is a subpopulation of cells in submucosal

glands [6]. In the rat intestine a decreasing gradient of expression

of CFTR is observed both on the crypt–villus and the proximal–

distal axes [5]. Furthermore CFTR expression is regulated in rat

both during the cycle of the seminiferous epithelium and the
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Pu[Py, purine[pyrimidine ; TRE, PMA-responsive element PMR; Pu[Py mirror repeat element.
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that is present only in rodents. Analysis of protein}DNA

interactions in �itro with rat tissue protein extracts on the

conserved elements revealed that the TRE site binds a specific

heterodimeric complex composed of Fra-2, Jun D and a protein

immunologically related to Jun}CRE-binding protein in the

duodenum, whereas the CRE-like site binds ATF-1 ubiquitously.

Functional analysis in Caco-2 cells showed that the CRE-like site

supports a high basal transcriptional activity but is not able by

itself to induce a response to cAMP, whereas the TRE site acts

as a weak transactivator stimulated by PMA. Lastly, we found

that the rodent-specific Pu[Py stretch confers nuclease S1 hyper-

sensitivity under conditions of acidic pH and supercoiling. This

indicates a non-B DNA conformation and thus reinforces the

biological significance of non-random Pu[Py strand asymmetry

in the regulation of transcription. Thus the tight transcriptional

regulation of CFTR expression involves the combination of

multiple regulatory elements that act in the chromatin en-

vironment in �i�o. Some of them are conserved throughout

evolution, such as the CRE-like element, which is clearly involved

in the basal level of transcription; others are species-specific.

oestrous cycle [7]. In human cell lines it is modulated by cAMP

[8], PMA [9,10] and divalent cations [11].

DNA sequence analysis of the CFTR promoter region in

human [12] and rodents [13] has revealed a high GC content, no

TATA box and putative Sp1- and AP-1-binding sites. In human,

multiple transcription start sites including a major one have been

described, but the precise location of these sites is not consistent

from one study to another [12,14,15]. Experiments with reporter

genes and transient transfection assays in CFTR-expressing and

non-expressing cell lines in both human [12,14,15] and mouse

[13] have identified the basal CFTR promoter as a 250 bp

fragment upstream of the ATG translation start codon driving a

weak expression. However, no sequences that might account for

tissue specificity have yet been found and published data about

the precise dissection of the promoter region are not consistent.

Promising data have been obtained from DNase I-hypersensitive

site (DHS) analysis as it explores chromatin structure in �i�o and

thus is more relevant to a physiological process. In human cell

lines, several groups have identified DHSs 5« to CFTR or within

the first intron, and some of them show a correlation with CFTR
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expression [15–18]. Using this approach, a regulatory element

has been localized at 18110 kb within the human first intron

[18]. These studies have, however, been essentially performed on

long-term cell lines, which might not adequately reflect the

regulation of CFTR expression in �i�o. Discrepancies in the

methylation status of CpG sites in the mouse and human CFTR

promoters have been demonstrated between long-term cell lines

and tissues, and are attributed to methylation de no�o during the

process of immortalization of the cell lines [19].

Because of these somewhat confusing data, we decided to

investigate the bases of the transcriptional regulation of CFTR

by a combined approach including DNase I hypersensitivity

assays in tissues and phylogenetic footprinting. Most DHSs are

found only in chromatin of cells in which the associated gene is

being expressed and are related to gene expression [20]. Phylo-

genetic reconstructions of the CFTR promoter region and cDNA

sequences among mammalian species have yielded two deeply

separated groups (man, non-human primates, cow, and rabbit ;

and rodents) correlated with the pattern of CFTR expression

[21]. Nevertheless we chose to perform the DNase I hyper-

sensitivity assays on nuclei isolated from rat tissues for the

following reasons. First, rat tissues are easily available ; secondly,

the observed differences between rodents and other mammalian

species in CFTR regulation could themselves be interesting; and

thirdly, the characterization of the rat promoter will permit, in a

second step, the production of transgenic mice with rat promoter

sequences linked to a reporter gene. This should eliminate

artifacts that could be generated in transgenic experiments when

a promoter sequence belonging to the human group is studied

within a rodent background. Phylogenetic footprinting is an

evolutionary approach that postulates that, although species-

specific patterns of CFTR expression exist, the basic mechanisms

of CFTR transcriptional regulation are conserved throughout

the mammalian phylogeny. Phylogenetic footprints are defined

as non-coding sequence motifs that show 100% conservation in

several species over a region of six or more contiguous base pairs.

A high correlation was found between the presence of a phylo-

genetic footprint and the binding of nuclear proteins in the β-

globin gene cluster [22]. With this combined approach, four

regions corresponding to conserved DNA sequences and exhibit-

ing tissue-specific DNase I hypersensitivity in the chromatin

structure were identified within the CFTR promoter region. Two

of them, at ®1±3 and ®0±1 kb relative to the initiation codon,

were characterized and correspond to a PMA-responsive element

(TRE) and a non-consensus cAMP responsive element (CRE)

respectively. These DNA motifs are the ultimate targets for

transcriptional control of the two major signal transduction

pathways that use diacylglycerol and inositol trisphosphate, and

cAMP, as secondary messengers respectively. TRE sequences are

usually binding sites for the heterodimeric transcription factor

AP-1, whereas CRE sequences are recognized by the members of

a large family known as the CRE-binding (CREB)}activating

transcription factor (ATF) proteins. Both groups of proteins

belong to the class of leucine zipper (bZip) transcription factors

[23–25]. Additional DHSs have been mapped in regions that are

not conserved between species and could correspond to elements

involved in CFTR regulation in the rodents specifically. Further

analysis of two of these sites suggests a physiological significance

of regions of non-random purine[pyrimidine (Pu[Py) strand

asymmetry in the regulation of CFTR expression.

MATERIALS AND METHODS

Analysis of DHSs

The search for DHSs within chromatin isolated from rat tissues

(duodenal mucosa, liver, kidney, lung) was realized with the

indirect end-labelling technique of Wu [26]. Nuclei isolation,

DNase I digestion, DNA isolation and Southern blots were

performed as previously described [27]. The probes were

generated by PCR and labelled by random priming with [α-
$#P]dCTP to a specific radioactivity of at least 10) c.p.m.}µg. To

design primers, nucleotide sequences were obtained by direct

sequencing of two overlapping phage clones isolated from a rat

genomic library constructed in the EMBL3 SP6}T7 vector

(Clontech, Palo Alto, CA, U.S.A.) [21]. As positive controls, the

presence of known tissue-specific DHSs (duodenum- and liver-

specific) in the CaBP9k gene [27] was checked on all the blots

tested. For an accurate estimation of the molecular mass of

hybridized DNA fragments, DNA size markers [λ-DNA cleaved

with EcoRI and HindIII or SPP1 DNA cleaved with EcoRI

(Boehringer, Mannheim, Germany)] were loaded with each DNA

sample in the same well and the blots were re-hybridized with
$#P-labelled λ and SPP1 DNA species as above.

Computer analysis of the DNA sequences

Multiple nucleotide sequence alignments of a 3±5 kb region

encompassing CFTR exon 1 (2±3 kb upstream of the ATG

initiation start codon and 1±2 kb of the first intron) in human,

gibbon, cynomolgus, squirrel monkey, cow, rabbit, mouse and

rat [21] were performed with the Clustal V program [28]. Search

for transcription factor recognition sequences was performed on

the rat sequence with the SIGMUC program [29].

DNase I footprinting in vitro

Nuclear extract preparation from rat tissues and cell lines was

performed as described by Lambert et al. [30]. DNA fragments

used as probes were generated by PCR under the previously

described conditions [13], subcloned in the PCR2 II vector

(InVitrogen, SanDiego, CA, U.S.A.) and end-labelled on either

strand with the Klenow fragment of DNA polymerase 1 and [α-
$#P]dATP and dGTP. Footprinting experiments were performed

as follows. Nuclear proteins (40 µg) were preincubated for 15 min

on ice in 16 µl of binding buffer containing 250 ng of poly(dI-

dC)[poly(dI-dC) and 50000 c.p.m. of the labelled probe. Samples

were subjected to limited DNase I digestion, and the DNA was

purified and resolved by denaturing 6% (w}v) PAGE and

autoradiography. The chemical GA and CT sequencing

reactions were performed by the Maxam–Gilbert method.

Electrophoretic mobility-shift assays

Complementary oligonucleotides were 5« end-labelled with T4

polynucleotide kinase and [γ-$#P]ATP. End-labelled double-

stranded oligonucleotide (10000 c.p.m.) was incubated for

10 min at 4 °C in 20 µl of storage buffer with 5–10 µg of nuclear

extracts, 1 µg of poly(dI-dC)[poly(dI-dC), in the presence or

absence of double-stranded competitor oligonucleotide. Samples

were loaded on a 6% (w}v) polyacrylamide gel, electrophoresed

and analysed by autoradiography. In some experiments, anti-

bodies raised against known transcription factors were pre-

incubated for 1 h at 4 °C with the proteins before the incubation

with the labelled probe to supershift or abolish the protein–DNA

complex. In these cases, samples were loaded on 4% (w}v)

polyacrylamide gels. Tested sequences were as follows: GS9,

TTGCTTCAGTGACTCAGAGTCCG; GS9}1M, TTGCTggg

GTGACTCAGAGTCCG; GS9}2M, TTGCTTCAGTGACggg

GAGTCCG; GS9}12M, TTGCTgggGTGACgggGAGTC-

CG; GS1, TGCAAATGACATCACCTCAGGTCTGAGTA-

AAAGGGACGAGC; GS1M, TGCAAAcatCAcCACCTCA-
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Figure 1 Restriction map of the studied 36 kb rat CFTR promoter region and localization of the DHSs

The primary map is drawn to scale and the region containing the 11 DHSs clustered within a 3±5 kb region encompassing the first CFTR exon is shown as a magnified segment above the primary

map. The DHSs are indicated by a thin or thick arrows according to the strength of each site. The upper arrow indicates the transcription start ; the vertical bar represents the first exon. The positions

of the DHSs are indicated in kilobases from the ATG initiation codon. Positions of the probes are indicated in the bottom part of the figure together with the fragments tested with each probe.

The purine[pyrimidine stretch is shown as Pu[Py. The symbols + and E indicate the TRE and CRE sites within DHS ®1±3 and the DHS ®0±1 respectively.

GGTCTGAGTAAAAGGGACGAGC; GS2, CCCGAGTGG-

GTGGGGGGAATTGGAAGCAAATGACATCACCTCAG;

GS2M, CCCGAGTGGGTGGGGGGAATTGGAAGCAAA

catCAcCACCTCAG; CREcf, TAGCAAATGACATCACCT-

CAGG; CAATicf, TGGGAATTGGAAG. The underlined sites

correspond to phylogenetic footprints and}or consensus sites for

transcription factors ; lower-case letters indicate mutated bases

(see below).

S1 hypersensitivity assay

Either the P1–P2 or the PL construct plasmid DNA (5 µg) [13]

was precipitated with ethanol. The P1–P2 construct plasmid

encompasses mouse sequence from nt ®1122 to 15 relative to

the initiation codon, a region that includes the rodent-specific

Pu[Py stretch, whereas PL is the control plasmid with no CFTR

sequences [13]. The pellet was equilibrated overnight at 4 °C in

22 µl of 40 mM sodium acetate (pH 4±6)}50 mM NaCl}1 mM

ZnCl
#
. After preincubation for 10 min at 37 °C, 0±5–2 units of S1

nuclease (Promega, Madison, WI, U.S.A.) were added and the

incubation was prolonged for 1 h. DNA was purified with a

microcolumn (Promega) and recovered in 50 µl of sterile distilled

water ; 16 µl was then treated with NcoI, a restriction enzyme

that cleaves uniquely in the vector and not the insert.

Cell culture, plasmid constructs and plasmid-mediated DNA
transfer

Caco-2 human colon adenocarcinoma cells and NIH-3T3 murine

fibroblast cells were maintained as described [19]. The RV-2±0
construct consists of the mouse minimal promoter sequence (nt

®219 to 15 according to the ATG initiation start) linked

upstream of a promoterless chloramphenicol acetyltransferase

(CAT ) gene [13]. Plasmid PL served as a background control

[13]. Plasmid pBLCAT2, which contains the Herpes simplex

virus thymidine kinase gene (tk) promoter fused to the CAT gene

[31] was used to subclone oligonucleotides. The oligonucleotides

were synthesized with a HindIII and a BamHI site at each end to

allow their cloning at the HindIII and BamHI sites of the

pBLCAT2 polylinker. pBCAAT, pBCRE and pBCAAT-CRE

plasmids contain respectively the inverted CAAT box, or the

CRE site, or the two elements together. pBTRE and pBTREM

plasmids contain respectively the wild-type and the mutated

TRE sequences corresponding to the GS9 and GS9}12M

probes. In all cases the insert sequences were verified by DNA

sequencing. Plasmid DNA was isolated and purified by the

Qiagen plasmid purification procedure (Qiagen, Chatsworth,

CA, U.S.A.).

Transfections were performed with the lipofectamine protocol

(Gibco}BRL, Gaithersburg, MD, U.S.A.). For the experiments

testing the whole CFTR promoter, which is known to drive a

weak expression, 7 µg of a CAT construct and 0±7 µg of pCH110,

a control plasmid containing a β-galactosidase cDNA driven by

the SV40 promoter enhancer, were co-transfected into Caco-2

cells grown to 80% confluence on a 60 mm plate. For the

experiments with the tk promoter, 2±5 µg of a CAT construct and

0±35 µg of pCH110 were transfected as above but on 35 mm

plates. Transfections were done in duplicate and each set of

transfections was done at least three times. Cells were harvested

28 h after transfection. cAMP and diacylglycerol transduction

pathways were stimulated by adding forskolin or PMA to the

medium 20 h after the transfection, at final concentrations of

10 µM and 100 nM respectively. Cells were harvested 8–10 h

after the stimulation. Protein extracts, CAT and β-galactosidase

assays were performed as described [13]. CAT activities were

then normalized to that of the β-galactosidase to account for
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Figure 2 DHSs in the CFTR promoter region

An example of a Southern blot corresponding to a HindIII digest hybridized with the R12-S10

probe is shown. The amount of DNase I is indicated at the top of the blot and ranges from 0

(absence of DNase I) to 160 units/ml. Numbers at the right indicate the migration of DNA size

standards in kb. The arrows indicate the DHS fragments. DHSs ®0±8, ®0±5 and 0±45 are

not indicated. The 0±8% agarose gel used did not allow us to resolve DHS fragments ®0±3
and 0±85, which co-migrated with DHS fragments ®0±1 and 1±0 respectively. A better

resolution of these fragments was obtained by using EcoRV and EcoRI digest hybridized with

R350 and R2-4 probes respectively (Table 1).

transfection efficiencies. For the experiments with PMA stimu-

lation, normalization was made on the amount of proteins, as

pCH110 is sensitive to PMA.

RESULTS

Fifteen DHSs are identified in CFTR-expressing tissues and
eleven of them map within a 3±5 kb region encompassing the first
CFTR exon

To identify DHSs, nuclei from rat tissues (duodenum mucosa,

lung, liver and kidney) were incubated at 0 °C with increasing

amounts of DNase I (0–320 units}ml). The DNA was then

isolated and resolved by Southern blot analysis with the re-

striction endonucleases BamHI, EcoRI, EcoRV and HindIII

with the probes R28-30, R12-S10, R2-4, R350, R22-15 and R50-

51 (Figure 1). In rodents, CFTR is expressed at high level in the

duodenum mucosa, moderate level in the lung and kidney, and

low level in the liver [5,32]. Fifteen DHSs have been identified

within the 36 kb studied region; eleven of them are clustered

within a 3±5 kb region encompassing exon 1 of CFTR (Figures 1

and 2, and Table 1). One major site (DHS-0±1) is detected in

duodenum, lung and kidney but not in liver nuclei and maps to

the minimal promoter. All the remaining DHSs are detected only

in the duodenum nuclei. Two are of strong intensity and map at

7±0 and 1±3 kb upstream of the ATG (DHSs ®7±0 and ®1±3)

(Figure 2). The last 12 DHSs are relatively weak. Three map in

the first intron at positions 0±45 (DHS0±45), 0±85 (DHS0±85)

and 1 kb (DHS1±0), whereas the others are localized at

positions ®0±3 (DHS ®0±3), ®0±5 (DHS ®0±5), ®0±8 (DHS

®0±8), ®1±7 (DHS ®1±7), ®2±0 (DHS ®2±0), ®2±3 (DHS

®2±3), ®6±0 (DHS ®6±0), ®9±0 (DHS ®9±0) and ®13±0 kb

(DHS ®13±0) relative to ATG. DHSs ®0±5 and ®0±8 map in the

Pu[Py stretch that is specific for the rodents [13] (Figure 1 and

Table 1). It should be noted that the previously described human

Table 1 List of the identified DHS fragments with the probes used for their
recognition and the tissues in which they were detected

The DHS fragments are delineated by a restriction enzyme site and a DHS. They are designated

by the name of the enzyme and the name of the DHS (see Figure 1) separated by a colon, the

first and second items representing the 5« and 3« ends of the DHS fragment respectively. The

presence of the DHS fragments is indicated by a  sign ; its absence is indicated by a zero.

The number of  signs corresponds to the intensity of the DHS fragment ranging from major

() through strong () to weak (). Abbreviation : n.d., not determined.

DHS fragments Probes Duodenum Liver Kidney Lung

EcoRV : 1±0 R350  0 0 n.d.

EcoRV : 0±85 R350  0 0 n.d.

EcoRV : 0±45 R350  0 0 n.d.

EcoRI : 0±85, 1±0* R2-4  0 0 0

EcoRI : 0±45 R2-4  0 0 0

EcoRI : ®0±1 R2-4  0  
EcoRI : ®0±3 R2-4  0 0 0

EcoRI : ®0±5 R2-4  0 0 0

HindIII : ®2±3 R12-S10  0 0 0

HindIII : ®2±0 R12-S10  0 0 0

HindIII : ®1±7 R12-S10  0 0 0

HindIII : ®1±3 R12-S10  0 0 0

HindIII : ®0±8 R12-S10  0 0 0

HindIII : ®0±5 R12-S10  0 0 0

HindIII : ®0±3, ®0±1* R12-S10  0  
HindIII : 0±45 R12-S10  0 0 0

HindIII : 0±85, 1±0* R12-S10  0 0 0

®13±0 : EcoRV R12-S10  0 0 n.d.

®9±0 : EcoRV R12-S10  0 0 n.d.

®7±0 : EcoRV R12-S10  0 0 n.d.

®6±0 : EcoRV R12-S10  0 0 n.d.

®13±0 : BamHI R28-30  n.d. 0 0

®9±0 : BamHI R28-30  n.d. 0 0

®7±0 : BamHI R28-30  n.d. 0 0

®13±0 : EcoRV R28-30  0 0 n.d.

®9±0 : EcoRV R28-30  0 0 n.d.

®7±0 : EcoRV R28-30  0 0 n.d.

* The 0±8% agarose gel did not allow us to resolve these fragments.

DHS at position 18110 kb [18] has no counterpart within the

rat first intron.

Comparison from eight mammalian species sequences reveals
eleven phylogenetic footprints within the same 3±5 kb region

To define regions conserved throughout evolution and thus

potentially involved in basic mechanisms of CFTR regulation,

the search for phylogenetic footprints was performed in eight

mammalian species representing four orders (Primates, Artio-

dactylia, Lagomorpha and Rodentia) within the 3±5 kb region

where the DHSs were clustered. Among the Primates, four

families were represented: the single species of Hominidae (man),

the Hylobatidae (gibbon), the Cercopithecoidae (cynomolgus)

and the Cebidae (squirrel monkey) ; one or two members of the

other orders were studied: Artiodactyla (cow), Lagomorpha

(rabbit) and Rodentia (mouse and rat). Sequence comparisons

from 2±5 kb upstream of the ATG initiation codon to 1±3 kb

downstream for the first exon in these eight mammalian species

allows the identification of 11 phylogenetic footprints (PFs), i.e.

regions of at least six contiguous base pairs conserved in all of the

species studied (Figure 3). Two of them (PF 1 and 2) are

located at 1 kb in the first intron and are spaced by 21 bp. Five

of them (PF ®1 to ®5) encompass a 116 bp region 95 bp

upstream of the ATG. This region has been defined as the

minimal promoter in transfection assays with reporter genes,
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Figure 3 Sequence alignments of the CFTR promoter region of a number of primate species representing four families (Hominidae, man ; Hylobatidae,
gibbon ; Cercopithecoidae, cynomolgus ; Cebidae, squirrel monkey), cow, rabbit, mouse and rat, showing phylogenetic footprints

Areas of 100% conservation produce a blank space or phylogenetic footprint (PF). Deletions are indicated by a dash. Consensus or known binding sites are noted above or under the alignment.

The numberings of the human and rat sequences are indicated according to the ATG initiation start codon. Primate sequences are highly conserved, whereas the most important divergence is

observed between rodent and non-rodent sequences. PF 1 and PF 2 were determined without non-human primate sequences as they were available only for the first 0±5 kb within the first

intron.

in both human and mouse [12–15]. One phylogenetic footprint

(PF ®6) is located at position ®278. Lastly, three phylogenetic

footprints (PF ®7 to ®9) are localized over a 100 bp region

1±3 kb upstream of the ATG (Figure 3). The number of phylo-

genetic footprints identified in the region studied is drastically

lower than in promoters of the γ and ε globin genes [22]. This is

due mainly to the divergence of sequences in the mammalian

species that we have observed between rodents and non-rodents

[21]. Thus it can be postulated that the remaining homologies are

under a strong selective pressure and therefore have a critical role

in the basic mechanisms of transcriptional CFTR regulation that

account for the common features observed between human and

rodents. In contrast, cis regulatory elements found only in one

group (i.e. human or rodent) could be involved in species-specific

patterns of CFTR expression.

DHSs and phylogenetic footprints map conjointly within two main
regions

Comparison of the two sets of results (DHSs and phylogenetic

footprints) shows that two DHSs of strong intensity found in

duodenum, kidney and lung, or in duodenum only, fall within

regions that are conserved between species, i.e. within the minimal

promoter (PF ®1 to ®5 and DHS ®0±1) and 1±3 kb upstream

of the ATG (PF ®7 to ®9 and DHS ®1±3). These two regions

were further analysed in �itro for protein-binding sites by

footprint protection and}or gel-shift assays with probes derived

from rodent sequences incubated with rat tissue protein extracts.

The choice of probes for the competition assays in the gel shift

experiments was dictated by the results of the search for

transcription factor recognition sequences.

PF 1 and PF 2 map around DHS 1±0 within the first

intron. PF ®6 maps roughly at DHS ®0±3 and could correspond

to the DHSs localized at ®200 bp in the human cell lines T84

[15] and HT29 [16]. PF ®6 falls within a region that displays

Pu[Py strand asymmetry and mirror symmetry [Pu[Py mirror

repeat element (PMR)] and has been called C-PMR1 [33]. It has

been reported that a 27 kDa nuclear protein binds to the purine-

rich strand in this region [33]. PF ®6 is localized in the

downstream portion of C-PMR1 and the mirror symmetry is

mostly respected in all the species studied, except for the mouse

sequence. However, a purine stretch of length greater than the 12
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Figure 4 DNase I footprint in vitro of the CFTR promoter region in which
DHS ®1±3 and PF ®7 to ®9 map conjointly

For the coding strand (A), 40 µg of nuclear extracts were used ; for the non-coding strand (B),

40 and 80 µg of nuclear extracts were tested, as indicated at the top. Lanes 2 in (A) and (B)

correspond to the 32P-labelled DNA fragment subjected to DNase I digestion without nuclear

proteins. Protected areas are shown by boxes and indicated as numerical nucleotide position

relative to the ATG. They were mapped by comparison with the Maxam and Gilbert sequence

reactions performed on the identical 32P-labelled DNA fragment [lanes 1 in (A) and (B)]. The

protected region is seen only with duodenum extracts [lane 3 in (A) and lanes 3 and 4 in (B)]

and encompasses a consensus TRE and PF ®9. In (A) the competition experiments with added

unlabelled probes (AP-1, lane 4, and CREf, lane 5) at a 100-fold molar excess before incubating

the nuclear extracts and the labelled probe with the DNase I showed a disappearance of the

protection.

nucleotides that seems necessary for protein binding [34] is

observed in the mouse sequence (Figure 3).

Seven DHSs have no counterpart in phylogenetic footprints.

Interestingly, all of them are of weak intensity and are present

only in duodenum nuclei. For two of them (DHS ®0±5 and

®0±8) it can be argued that these sites represent rodent-specific

cis elements, as they have been found in rat within a region that

is present only in rodents, i.e. a 300 bp Pu[Py stretch. This Pu[Py

stretch, which has been described previously as a cis-negative

element [13] was further tested for its ability to confer S1

hypersensitivity. The five remaining DHSs (three within the 5«
flanking region, i.e. DHSs ®1±7, ®2±0 and ®2±3, and two within

the first intron, i.e. DHSs 0±4 and 0±85), which contain no

phylogenetic footprints, map roughly to DHSs found at positions

®1±6 [16] and ®3±0 kb [16] in the human HT29 cell line and to

the DHSs found within the first intron in T84 cell line [15]. These

DHSs could represent species-specific sequences involved in

CFTR regulation.

In the duodenum, a TRE at position ®1346 bp binds a complex
including Fra-2, Jun D and a protein immunologically related to
Jun/CREB

Within the region where DHS ®1±3 and PF ®7 to ®9 map

conjointly, footprinting in �itro with a probe encompassing nt

®1389 to ®1227 identifies a main protected region of 20 bp

(®1353 to ®1334) on both strands (Figure 4). This protected

region is centred on a consensus TRE (TGACTCA) and also

encompasses PF ®9 (GCTTCA) (Figure 3). This TRE is present

only in rodents but another TRE (TG}CAGTCA) is present

31 bpupstream in the non-rodent species (Figure 3). Interestingly,

this protected region is detected only with duodenal nuclear

extracts (Figures 4A, lane 3, and 4B, lanes 3 and 4), but not with

liver or kidney extracts whatever the amount of protein used (40

or 80 µg) (Figures 4A, lanes 6 and 7, and 4B, lanes 5–8).

Gel-shift experiments were done to characterize these protein–

DNA interactions further with a double-stranded oligonucleotide

GS9 covering nt ®1355 to ®1333. TRE are usually bound by

AP-1 factors [23]. A major shifted complex was observed with

the GS9 probe and duodenal protein extracts (Figure 5A, lane 2).

Competition experiments showed that this complex is displaced

by a 100-fold molar excess of unlabelled homologous GS9 probe,

AP-1 probe (Promega), and to a smaller extent, consensus CRE

probe from the fibronectin gene (CREf) [35] (Figure 5A, lanes 3,

7 and 8). To discriminatemore precisely between the participation

of the TRE and PF ®9 sites in protein binding, gel-shift

experiments were performed with oligonucleotides mutated at

the PF ®9 site (GS9}1M), the TRE site (GS9}2M) or both sites

(GS9}12M). An identical shifted complex was observed with

the GS9}1M probe, but no complexes were observed with the

GS9}2M or the GS9}12M probes (results not shown). Fur-

thermore the complex obtained with the GS9 probe is displaced

totally by a 100-fold molar excess of cold GS9}1M, but not of

GS9}2M nor GS9}12M probes (Figure 5A, lanes 4–6). Lastly,

competition experiments were performed in �itro in a footprinting

assay on the coding strand, with duodenum extracts. A 100-fold

molar excess of cold AP-1 or consensus CREf probes abolished

the 20 bp footprint (Figure 4A, lanes 4 and 5). Thus these results

indicate that the TRE is the site involved in protein binding.

Because TRE binding AP-1 transcription factors are known to

be composed of members of the Fos and Jun protein families, we

next performed experiments to determine the components in-

volved in protein binding to the TRE site. Supershift experiments

were performed with a rabbit polyclonal anti-c-Fos (K-25)

antibody that cross-reacts with Fos B, Fra-1 and Fra-2 (Santa

Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and a rabbit

polyclonal anti-(c-Jun}AP-1) (D) antibody that cross-reacts with

Jun B and Jun D (Santa Cruz Biotechnology). The complex

disappeared and supershifted upwards with the anti-c-Fos (K-

25) antibody and disappeared with the anti-(c-Jun}AP-1) (D)

antibody (Figure 5B, lanes 3 and 8). A partial and uniform

disappearance of the complex was observed when using an anti-

CREB antibody raised against a synthetic peptide encompassing

amino acid residues 121–159 (CREB no. 244) (Marc Montminy,

Salk Institute, La Jolla, CA, U.S.A.) (Figure 5B, lane 13). We

then tried to determine which members of the known Fos (c-Fos,

Fos B, Fra-1 and Fra-2) and Jun (c-Jun, Jun B and Jun D)

proteins were present in the complex by using specific antibodies

[36,37]. Within the Fos family, only the anti-(Fra-2)-specific

antibody markedly affected the binding complex (Figure 5B,

lanes 4–7). Within the Jun family, a supershift and a decrease in

the upper part of the shifted complex are observed with the anti-

(Jun D)-specific antibody and with the mixture of the three anti-

Jun-specific antibodies (Figure 5B, lanes 9–12). No modification

of the retarded complex was observed with a rabbit preimmune

serum used as a control for non-specific effects (results not

shown). To unravel the discrepancy between the results obtained

with the anti-(c-Jun}AP-1) (D) and the anti-(Jun D)-specific

antibodies, supershift experiments were performed with the GS9

probe and protein extracts from the CFTR non-expressing cells

NIH-3T3, which are known to express Jun D at a high level [38].

The retarded complex obtained with the NIH-3T3 cell extracts
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Figure 5 Gel-shift experiments with probes encompassing the TRE site

Protein extracts were from duodenum in (A) and (B) and from NIH-3T3 in (C). The labelled probe was GS9 and the GS9/1M, GS9/2M and GS9/12M probes were used for competition. The

GS9 probe covers nt ®1355 to ®1333 and encompasses the TRE consensus site and PF ®9. GS9/1M, GS9/2M and GS9/12M correspond to probes in which the PF ®9, TRE and both

sites were mutated respectively. The complete sequences of the probes are described in the Materials and methods section. The first lanes in (A) and (B) correspond to the probe alone without

protein extract. Lanes 2 in (A) and (B) and 1 in (C) correspond to the retarded complex observed with duodenum or NIH-3T3 nuclear protein extracts respectively. The retarded complex obtained

with the NIH-3T3 protein extracts corresponds to the upper part of the duodenum protein extract complex. (A) The 100-fold excess unlabelled probes used as competitor are indicated at the top

of the autoradiogram. Lanes 3–7, duodenum nuclear extract binding was competed away with 100-fold unlabelled GS9, GS9/1M and AP-1 probes but not with GS9/2M and GS9/12M probes ;

100-fold unlabelled CREf probe, which encompasses the fibronectin CRE consensus site, moderately displaced the retarded complex. (B, C) Supershift experiments with duodenum and NIH-3T3

cell extracts respectively. Antibodies are indicated at the top of the autoradiogram. Specific antibodies were preincubated for 1 h at 4 °C before performing the electrophoretic mobility-shift assay.

(B) Lanes 3–7, antibodies against the Fos family members. Only anti-(c-Fos) (K25) and anti-(Fra-2) antibodies markedly affected the binding complex. Lanes 8–12, antibodies against the Jun

family members. The binding complex disappeared with the anti-(c-Jun/AP-1) (D) antibody, whereas a supershift and a decrease in the upper part of the shifted complex were observed with the

anti-(Jun D)-specific antibody and with the mixture of the three anti-Jun-specific antibodies. Lane 13, CREB no. 244 antibody yielded a partial and uniform disappearance of the binding complex.

(C) Lanes 2–5, anti-(Fra-2) and anti-(Jun D) antibodies markedly affected the complex, while CREB no. 244 had no effect. Samples were analysed on a 4% (w/v) polyacrylamide gel. The star

corresponds to the immunoprecipitation of the probe ; the arrow corresponds to a supershifted complex.

corresponds to the upper part of the complex obtained with the

duodenum extracts (Figure 5C, lane 1). This complex was

completely supershifted by the anti-(Fra-2) antibody. It dis-

appeared with the anti-(Jun D) and anti-(Jun D}c-Jun}Jun D)

antibodies but was unaffected by the CREB no. 244 antibody

(Figure 5C, lanes 2–5) or by a rabbit preimmune serum (results

not shown). These results are consistent with the expression of

Jun and Fos protein in NIH-3T3 fibroblasts [36]. They dem-

onstrate the efficiency of the anti-Jun D antibody and the

participation of Jun D in the binding complex. Taken together,

these findings strongly suggest that the duodenum retarded

complex is composed of Fra-2, Jun D and of a Jun}CREB

immunologically related protein. In contrast, the complex ob-

served in theCFTRnon-expressing cell lineNIH-3T3 is composed

of only Fra-2 and Jun D.

The TRE site acts as a weak transactivator stimulated by PMA in
Caco-2 cells

The functional relevance of the TRE was assessed in the human

intestinal Caco-2 cell line by using reporter gene experiments.

These cells express CFTR at high level [16] and, in supershift

experiments with the GS9 probe, Caco-2 nuclear extracts produce

a pattern roughly identical with that obtained with duodenum

extracts (results not shown). Linked to the tk promoter, the TRE

site has a weak transactivator activity and is moderately

stimulated by PMA. Both effects were abolished when the TRE

site was mutated (Figure 6).

ATF-1 binds to a CRE-like site at position ®124 to ®116 bp
within the minimal promoter

Footprinting of the minimal promoter region in �itro where

DHSs ®0±1 and PF ®1 to ®5 conjointly map was performed

with a probe encompassing nt ®50 bp to ®218 bp. On both

strands it identified a protected region of 19 bp (®129 to ®111

to bp) (Figure 7). This protection was present with all tested

tissue proteins (duodenum, lung, liver and kidney). The protected

region is centred on a CRE motif (TGACGTCA) degenerated on

one nucleotide (the underlined A) TGACATCA (CREcf) and

corresponds toPF-2 (Figure 3).No other protectionwas observed

when the amount of protein was increased to 80 µg (results not

shown). To further characterize this CRE-like motif and to

explore other potential protein–DNA interactions within this

region, gel shift analysis were performed with double-stranded

oligonucleotides covering nt ®154 to ®109 (GS2) and nt ®129

to ®90 (GS1). GS1 encompasses the CREcf site and sequences

downstream, but not the inverted CAAT (CAATi) element,

which has been involved in the cAMP-mediated transcriptional

regulation of CFTR [39]. GS2 encompasses CREcf and CAATi,

and sequences upstream of both elements. With both GS2 and

GS1 probes, an identical major gel-shifted band was observed

with all protein extracts, whatever the level of CFTR expression

(Figure 8, lanes 2, 8 and 24). Competition assays with both

probes showed that this shifted band is displaced by 10–100-fold

molar excess of unlabelled GS1 or GS2 probes, of the CREcf

probe that contains the CRE-like site only, and of the consensus

CREf probe [35] (Figure 8, lanes 3, 4 and 9–14). The shifted band
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Figure 6 Functional analysis of the TRE site in Caco-2 cells

Relative promoter activity in the Caco-2 cell line by using constructs encompassing the TRE site linked to the tk promoter fused to the CAT gene (see the Materials and methods section). The

results are expressed as promoter activity relative to the activity of the pBLCAT2 construct. pBTRE and pBTREM constructs contained respectively the wild-type and the mutated TRE sequences

corresponding to the GS9 and GS9/12M probes. Cells were stimulated by PMA at a final concentration of 100 nM for 8–10 h. Each value represents the mean³S.E.M. for at least three

independent transfection experiments. Levels of CAT expression were normalized to the amount of proteins (see the Materials and methods section).

Figure 7 DNase I footprint in vitro of the CFTR minimal promoter located
250 bp upstream of the ATG

(A) Coding strand ; (B) non-coding strand. Lanes 2 and 3 in (A) and (B) correspond to the 32P-

labelled DNA fragment subjected to DNase I digestion without nuclear extracts. Protected areas

are shown by boxes and mapped by comparison with the Maxam and Gilbert sequence

reactions [lanes 1 in (A) and (B)] as in Figure 4. The protected region is centred on a CRE

degenerated on one base and PF-2. In (B), competition experiments performed by adding

unlabelled probes (CREcf and CAATicf) in 100-fold molar excess before incubating with DNase

I (lanes 8 and 9) showed a disappearance of the protection for the CREcf probe only.

CaCO2¯ CaCO-2 cells.

was not displaced by cold GS1M or GS2M probes in which the

CREcf sequence was changed for CATCACCA, nor by cold

CAATicf or CAATith probes, which contain the inverted CAAT

boxes of CFTR or of the human tryptophan hydroxylase gene

promoter [40] respectively (Figure 8, lanes 15–20, and results not

shown). Furthermore the shifted band was not displaced by

unlabelled AP-1 or Sp1 probes (results not shown). No shifted

band was observed when using rat duodenum nuclear extracts

and the GS1M and GS2M probes (Figure 8, lanes 6 and 23).

Competition experiments in the footprint assay confirmed the

gel-shift data, as a 100-fold molar excess of unlabelled CREcf

oligonucleotide abolished the protection, but the CAATicf

oligonucleotide did not (Figure 7B, lanes 8 and 9). It can be

concluded from these experiments that the CREcf site is the

binding site for protein(s) and that neither the CAATi box nor

the GT box (GGGTGG) corresponding to PF ®3 (Figure 3) is

involved in the retarded complex. To identify the protein(s)

involved in the shifted band, supershift experiments with anti-

bodies targeted against the CREB}ATF proteins [CREB no. 244

as well as CREB-1 (24H4B), ATF-1 (C41-5±1), ATF-2 (C19)

(Santa Cruz Biotechnology)], and to the related bZIP family

proteins C}EBP [C}EBPα, C}EBPβ, C}EBPδ and CRP-1 (Santa

Cruz Biotechnology)] and AP-1 [c-Fos (K-25) and c-Jun}AP-1

(D)] were performed. The anti-(ATF-1) antibody was the only

one to alter DNA–protein interaction, as it partly abolished the

shifted band (Figure 8, lanes 24–26, and results not shown). Gel-

shift analysis with the GS2 probe and 0±5 µg of purified CREMτ

(Paolo Sassone-Corsi, INSERM U184, Illkirch, France) gave a

protein–DNA complex of higher molecular mass than the

duodenum protein–DNA complex (Figure 8, lane 21). Thus it

can be concluded from the above data that ATF-1 binds to the

CREcf motif.

The CFTR CRE-like motif drives a high basal transcriptional
activity but does not promote cAMP transcriptional stimulation of
a heterologous promoter in Caco-2 cells

To assess the functional relevance of the CREcf sequences, Caco-

2 cell lines were used in reporter gene experiments. The en-

dogenous CFTR gene was moderately stimulated by cAMP in

Caco-2 cells (results not shown) and extracts from these cells

gave a protection identical with that obtained with rat tissue

extracts (Figures 7A and 7B, lane 6). A 2–3-fold increase in the

basal expression of the reporter gene was observed 8–10 h after

forskolin stimulation of Caco-2 cells transfected with a 250 bp

mouse minimal CFTR promoter linked to the CAT gene (RV

2±0) [13]. No CAT activity was detected with the control plasmid

PL (Figure 9A). It has been reported that the CAATicf element

directs the cAMP-mediated activation of a heterologous pro-
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Figure 8 Gel-shift experiments with probes encompassing the CREcf

The labelled probes (GS1, GS1M, GS2 and GS2M) are indicated at the top and correspond to sequences surrounding the CREcf (see squences in the Materials and methods section). In GS1M

and GS2M probes, the CREcf has been mutated. Protein extracts are from duodenum (lanes 2–4, 6, 8–20 and 23) or liver (lanes 24–26) except for the GS2 probe, where purified CREMτ was

used in one case (lane 21). There were no protein extracts in lanes 1, 5, 7 and 22. The 10-fold or 100-fold excess unlabelled probes used as competitors are indicated at the top of the autoradiography.

In lanes 3, 4 and 9–20, duodenum nuclear extract complex was competed away with unlabelled homologous CREcf and CREf probes but not with GS2M, CAATicf or CAATith probes. No retarded

complex was observed with duodenum extracts and GS1M (lane 6) or GS2M (lane 23) probes. The retarded complex observed with CREMτ (lane 21) was of higher molecular mass than the

duodenum protein–DNA complex (lane 8). Stars indicate the shifted bands. For supershift experiments (lanes 24–26), the nature of the antibodies is indicated at the top of the autoradiogram.

Samples were loaded on a 4% (w/v) polyacrylamide gel.

moter in human PANC1 and HeLaS3 cells which do not express

CFTR [39]. We therefore tested the ability of the CAAT site

alone, of the CREcf site alone, and of the two sites together to

direct cAMP-mediated activation of the tk promoter in Caco-2

cells. Forskolin treatment had no significant effect on the

expression of constructs containing CAATicf, CREcf and

CAATicf  CREcf sequences. However, an increase in the basal

level of expression, as compared with the pBLCAT2 plasmid

alone, was seen with the pBCRE and pBCAAT-CRE plasmids

(3–6-fold) but not with the pBCAAT plasmid (Figure 9B).

Thus the CREcf is involved in basal transcriptional activity

but cAMP regulation of the mouse minimal promoter (RV2±0
construct) involves some other elements than the CREcf and

CAAT sites.

The rodent-specific Pu[Py stretch confers S1 nuclease
hypersensitivity under conditions of acidic pH and supercoiling,
indicating a non-B DNA conformation

The ability of the Pu[Py stretch to induce conformational changes

in DNA was tested by its ability to confer S1 nuclease hyper-

sensitivity on superhelical plasmids [41]. The assay consisted of

determining whether discrete S1 cleavage sites occur in the

Pu[Py stretch of the P1–P2 plasmid construct. Both the control

(PL) and test (P1–P2) plasmids were first subjected to increasing

levels of S1 digestion (0, 0±5, 1 and 2 units of enzyme) and then

to NcoI cleavage. Because a single NcoI site is present in both

plasmids, discrete bands are expected only if S1 nuclease has

cleaved at specific sites, otherwise the plasmid would simply

linearize. NcoI cleavage alone of the control and P1–P2 plasmids

generated in both cases a single cleavage product of 4±5 and

5±6 kb respectively, consistent with a linearized plasmid (Figure

10A). Prior digestion with increasing concentrations of S1

resulted in discrete bands of 4±4, 4±3, 1±3 and 1±2 kb, but for the

P1–P2 plasmid only. These fragments represent NcoI–S1 cleavage

products, indicating the presence of two S1 sites, 100 bp apart

from each other, within the Pu[Py stretch (Figure 10B).

DISCUSSION

Difficulties in identifying the regulatory elements involved in the

transcriptional regulation of CFTR might have been due partly

to the use of approaches that (1) do not analyse the gene in its

chromatin environment or (2) use immortalized cell lines. To

overcome these difficulties we have used a combined approach

based on the search for DHSs in rat tissues and on evolutionary

clues, i.e. phylogenetic footprinting. In this report, we present

evidence for the implication of multiple regulatory elements that

act in the chromatin structure in �i�o, some of them being

conserved throughout evolution, the others being species-specific.

These findings support the notion that some basic mechanisms of

CFTR regulation, such as the involvement of a CRE-like element

in the basal level of transcription, are conserved between species,

while species-specific mechanisms also exist.

Among the conserved elements, a CRE-like element (CREcf)

and a TRE were identified. Classically, these elements are the

ultimate targets for transcriptional control through the cAMP

and diacylglycerol pathways, respectively [23–25]. Both pathways

have been reported to modulate CFTR expression at the tran-

scriptional level in human cell cultures [8–10,42,43]. Various

stimuli that lead to a sustained (at least 8 h) elevation of

intracellular cAMP levels elicit a specific increase in CFTR
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Figure 9 Functional analysis of the CRE site in Caco-2 cells

Relative promoter activity in Caco-2 cells is shown. (A) The RV2±0 construct consists of the mouse minimal promoter sequence (nt ®219 to 15 from the ATG initiation start) fused to the

CAT gene. Data are expressed as promoter activity relative to the activity of the RV2±0 construct. (B) Constructs correspond to the rat CFTR CAATi, CRE, and CAATi and CRE elements linked

to the tk promoter fused to the CAT gene (see the Materials and methods section). In (A) and (B), cells were stimulated by forskolin at a final concentration of 10 µM for 8–10 h. Each value

shown represents the mean³S.E.M. for at least three independent transfection experiments. Levels of CAT expression were normalized for transfection efficiency by comparison with an internal

control plasmid harbouring the β-galactosidase gene (pCH110) as described in the Materials and methods section.

expression in various cell lines including HT-29 and T84 human

colonic carcinoma cells [8,42] and CaLu-3 and HTE-1 human

lung epithelial cells [43]. The level of inducibility is dependent on

the cell type but in all cases remains modest. Several groups have

shown that treatment of T84 and HT29 cells with PMA results

in a down-regulation of CFTR mRNA [9,10] with a decrease in

the transcription rate of CFTR [10].

The nuclear effector implicated in the cAMP-dependent ac-

tivation of CFTR, as well as the location and nature of its

binding site(s), remain controversial.McDonald et al. [42] showed

that the CREcf is implicated in protein kinase A (PKA)-mediated

responsiveness of the promoter, PKA being the protein kinase

involved in the cAMP pathway. Further studies have demon-

strated that CREcf binds CREB and ATF-1 in T84 and CaLu-

3 cells [43]. Pittman et al. [39] reported that in human PANC1

cell lines that physiologically do not express CFTR, an imperfect

and inverted CAAT (CAATi) element located 7 bp upstream of

the CREcf (Figure 3) was essential : (1) for the basal expression

of an exogeneous CFTR promoter linked to a reporter gene, and

(2) for the cAMP-mediated transcriptional regulation of a

heterologous promoter. They proposed that C}EBP, ATF1 and

CREB1 are part of a nuclear protein complex bound to this

CAATi sequence [39]. The present results on DNA–protein

interaction, with protein extracts from rat tissues that are more

physiologically significant than nuclear extract from cell lines,

provide no evidence for such a possibility. Indeed, our foot-

printing experiments in �itro show clearly a ubiquitous 20 bp

protection that corresponds to PF ®2 and is centred on the

CREcf. Furthermorewe find that theCAATi box is not conserved

between species (Figure 3). Our gel-shift experiments are in

agreement with the footprinting experiments in �itro as they

show that the binding site for protein(s) is the CREcf and that,

under our conditions, neither the GT box Sp1 binding site [44]

nor the CAATi box [39,40], which have been previously impli-

cated in the cAMP transduction pathway, is involved in protein

binding. The fast-moving retarded band in the gel-shift experi-

ments as compared with the band obtained with CREMτ and the

modest activator effect obtained in the functional assays are in

agreement with the supershift experiments that identify ATF-1

as the binding protein [24]. Our experiments in Caco-2 cells with

a construct with the mouse minimal promoter sequence extend

the evidence of CFTR inducibility by cAMP, thereby showing

that this mechanism is conserved between human and rodents.

However, outside their context, the CREcf and the CAATi box

linked to the tk promoter fail to direct cAMP-mediated tran-

scription either alone or together, even though similar elements

have been shown to co-operate in the human fibronectin gene

promoter [45]. Thus it seems that multiple additional unidentified

elements located in the 250 bp region upstream of the ATG are

critical in directing cAMP-mediated transcription. This might

explain why the delay for transcriptional induction by cAMP is

long (6–10 h) and why the level of induction is weak (one-half to
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A

B

Figure 10 S1 nuclease hypersensitivity assay of the rodent-specific Pu[Py
stretch

(A) Electrophoretic fractionation of Nco I and S1 nuclease cleavage products on a 1% (w/v)

agarose gel. The P1–P2 and control (PL) plasmids are shown as superhelical plasmids (lanes

1), linearized with Nco I and no S1 nuclease (lanes 2), and with Nco I and increasing

concentrations of S1 nuclease (lanes 3, 0±5 unit ; lanes 4, 1 unit ; lanes 5, 2 units). The marker

lane is a 1 kb ladder. Complete cleavage with S1 resulted in a 1±2 kb fragment and its

associated 4±4 kb fragment. The incomplete cleavage shown by the 1±3 and 4±3 kb fragments

demonstrates an additional S1 site. (B) Map of the P1–P2 plasmid. The unique Nco I site is

shown in bold. The two S1 nuclease sites map at 1±2 and 1±3 kb from Nco I within the Pu[Py

stretch.

one-third), both facts suggesting the contribution of multiple

partners as recently suggested [43]. The present work together

with the results of McDonald et al. [42] show clearly that the

CREcf is involved in the basal expression of CFTR. It has to be

noted that it is the first time that a CRE site has been reported

in a TATA-less promoter, thus raising the possibility that it

could act as a positioning element. Interestingly, elements with

the same sequence as CREcf have been previously reported in c-

Jun [46] and the tissue-type plasminogen activator [47] gene

promoters. In these two systems, the CRE-like site binds CREB,

ATF-2 or c-Jun depending on the cell type [48,49] and seems to

be involved in basal expression but not in the classical cAMP-

mediated induction of transcription [48,49]. The containing

CREcf region is highly sensitive to DNase I in a tissue-specific

manner that correlates well with the expression of CFTR

(duodenum,  ; lung,  ; kidney,  ; liver, 0). This contrasts

with the ubiquitous character of the protection observed in the

footprinting assay in �itro and of the retarded complexes in gel-

shift experiments. Thus tissue-specific features concerning the

CREcf do exist that are observed only within the chromatin

structure. A plausible hypothesis is that in CFTR-expressing

cells, long-range protein–protein interactions promote DNA

looping and co-operation between several cis-acting elements

scattered over at least 14 kb of the gene (Figure 1).

The TRE site that we describe here binds a complex composed

of Fra-2, Jun D and a protein immunologically related to

Jun}CREB. We propose that this complex has a role in the

duodenum-specific expression of CFTR. It has been demon-

strated in other systems that specific heterodimers of the Fos and

Jun family members might have a role in tissue-specific expression

[50,51]. Furthermore it has been shown that an additional level

of sophistication can be reached by cross-family dimerization of

Fos}Jun and ATF}CREB family members and altered binding

specificities [52]. Our results indicate that most of the duodenum-

specific retarded complex is composed of Fra-2 and a protein

immunologically related to Jun}CREB. Fra-2 is expressed

ubiquitously but Jun D is highly expressed in the intestine and

not in the liver [38,53]. The protein immunologically related to

Jun}CREB involved in the duodenum-specific complex should

heterodimerize with Fra-2, should be expressed in the duodenum,

and the heterodimers it forms with Fra-2 should bind a TRE site

with high affinity. Within the CREB}ATF family, the protein

most closely related to the Jun family is ATF-2 [24] ; Fos}ATF-

2 heterodimers have been described [54]. However, we were

unable to supershift the duodenum retarded complex with an

ATF-2 specific antibody (results not shown). The interaction

with the CFTR TRE site that we observed merits further

investigation to determine the main protein that heterodimerizes

with Fra-2. In our transfection experiments in Caco-2 cells, we

obtained a weak stimulation of transcription by TPA. This

indicates that the decrease in CFTR expression that was observed

in the CFTR-expressing cell-lines HT-29 and T84 [9,10] must

involve other unknown PMA-sensitive elements within the

endogenous gene.

Among the DHSs that we mapped within the non-conserved

elements, two fall in the 300 bp Pu[Py stretch specific of rodents

localized 500–550 bp upstream from the ATG. This element has

been described to act as a negative element of basal transcription

in transient transfection assays [13]. The S1 nuclease assay in the

present study shows clearly that this Pu[Py stretch exhibits

hypersensitivity to single-strand-specific nucleases at low pH and

in supercoiling conditions, indicating a non-B DNA confor-

mation [41]. Furthermore DHS-0±3 maps roughly within a

phylogenetic footprint (PF ®6) that corresponds, in the human

CFTR promoter, to a region of non-random Pu[Py strand

asymmetry (C-PMR1). C-PMR1 exhibits non-B DNA confor-

mation and a 27 kDa nuclear protein binds to the purine-rich

strand of this element [33,34]. The identification of three DHSs,

which reflect conditions in �i�o, specific for CFTR-expressing

tissue, within non-random purine}pyrimidine strand asymmetry

(Pu[Py stretch and C-PMR1) reinforces the biological signifi-

cance of these elements in the regulation of transcription.

Conditions required to generate a non-B DNA structure such as

low pH are not expected to pertain in �i�o. However, accumu-

lating evidence suggests that triplex structures can form at

neutral pH and chromatin structure as well as other local

protein–DNA interactions result in a high degree of supercoiling

in intact cells [55].
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