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Abstract

Background: The cystic fibrosis transmembrane con-
ductance regulator gene (CFTR) shows a complex pat-
tern of expression. The regulatory elements conferring
tissue-specific and temporal regulation are thought to lie
mainly outside the promoter region. Previously, we
identified DNase I hypersensitive sites (DHS) that may
contain regulatory elements associated with the CFTR
gene at —79.5 and at —20.5 kb with respect to the ATG
and at 10 kb into the first intron.

Materials and Methods: In order to evaluate these
regulatory elements in vivo we examined these DHS in a
human CFTR gene that was introduced on a yeast arti-
ficial chromosome (YAC) into transgenic mice. The 310
kb human CFTR YAC was shown to restore the pheno-
type of CF-null mice and so is likely to contain most of

the regulatory elements required for tissue-specific ex-
pression of CFTR.

Results: We found that the YAC does not include the
—79.5 kb region. The DHS at —20.5 kb is present in the
chromatin of most tissues of the transgenic mice, sup-
porting its non-tissue-specific nature. The DHS in the
first intron is present in a more restricted set of tissues in
the mice, although its presence does not show complete
concordance with CFTR expression. The intron 1 DHS
may be important for the higher levels of expression
found in human pancreatic ducts and in lung submuco-
sal glands.

Conclusion: These data support the in vivo importance
of these regulatory elements.

Introduction

Transcription of the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene (1) is
tightly regulated both spatially and temporally.
Its expression is limited primarily to specific ep-
ithelial cell types within the respiratory system,
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the small intestine and colon, pancreas and gall
bladder, kidney, genital ducts, and sweat glands
(2-6). In the postnatal airway, highest levels of
CFTR mRNA are detected in the serous portion of
submucosal glands with low levels in the surface
epithelium (6). In the intestine, CFTR mRNA is
seen primarily in the crypt cells with gradients of
expression decreasing along the crypt-villus axis
and from the small intestine to the large intestine
(5). CFTR mRNA and protein are found in the
ductal epithelium of the pancreas and gall blad-
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der and possibly also in pancreatic acini (4).
Temporal regulation of CFTR transcription is seen
in the airway where abundant CFTR transcrip-
tion throughout the epithelium of the fetus de-
creases substantially after birth (7,8). CFTR ex-
pression in the reproductive tract is also cyclical
in some species (9,10).

Relatively little is known of the mechanisms
underlying this strict cellular control of CFTR
expression, and there is no consistent evidence
for tissue-specific control elements in the pro-
moter (11-13). We searched for regulatory ele-
ments in the CFTR genomic DNA outside the
immediate promoter region by looking for DNase
I hypersensitive sites (DHS) that are often asso-
ciated with sequence elements involved in the
regulation of transcription. We identified three
DHS in the CFTR gene, two in the 5’ flanking
sequence (—79.5 kb and —20.5 kb with respect
to the CFTR ATG), and one in intron 1 (at 185 +
10 kb, where 185 refers to the last base in exon
1) (14,15). These DHS were identified in human
cell lines and cultured primary human genital
duct cells that express endogenous CFTR. The
sites at —79.5 and —20.5 kb showed no correla-
tion with CFTR expression in the cell types in-
vestigated, although they may still play a role in
the complex series of events involved in the reg-
ulation of CFTR transcription. The 185 + 10 kb
DHS showed complete correlation with CFTR ex-
pression only being evident in cells that express
CFTR and not in those that lacked CFTR expres-
sion (15,16). In vitro analysis of binding of pro-
teins to this region by electromobility shift assays
(EMSA) and DNase I footprinting revealed that
some proteins that are only present in CFTR-
expressing cells bound to specific elements.
When assayed by transient expression in a cell
line expressing endogenous CFTR, the element at
185 + 10 kb augmented reporter gene expres-
sion under the control of the CFTR promoter but
had no effect in nonexpressing cells (15). In vitro
evaluation of regulatory elements in a large com-
plex gene such as CFTR can only generate limited
data, primarily because chromatin-mediated ef-
fects are difficult to reproduce. Our aim here was
to use transgenic mice carrying the human CFTR
gene, on a yeast artificial chromosome (YAC), to
evaluate whether regulatory elements at the
—79.5, —20.5, and 185 + 10 kb are important for
CFTR expression in vivo.

A 310 kb YAC containing the intact human
CFIR gene [37AB12, (17)] has previously been
introduced into transgenic mice (18). The trans-
genic mice were bred with the “Cambridge” CF

null mice to produce mice that only express the
human CFTR transgene (18). These mice had a
normal phenotype, in contrast to the CF null mice,
suggesting that the 37AB12 YAC contained regu-
latory elements to direct CFTR expression in many
of the usual sites. Expression of the human trans-
gene showed cell type-specific expression in these
mice equivalent to that of the endogenous mouse
gene in the intestine and salivary glands. However,
in some tissues where human CFTR expression
would be expected, it was not observed. In sites
where there is a difference in CFTR expression pat-
terns between mouse and humans, the transgene
expression followed the mouse pattern. The YAC
contains 310 kb of genomic DNA, including 200 kb
spanning the coding region of the human CFTR
gene and about 70 kb of upstream flanking se-
quence. Hence, it is likely to contain at least the
—20.5 kb and 185 + 10 kb regions, though prob-
ably not the —79.5 kb region.

Here we show that the YAC does not extend
as far 5’ as the —79.5 kb region and hence this
DHS is not an absolute requirement for CFTR
expression. We have also evaluated the presence
of the DHS at —20.5 kb and 185 + 10 kb in
chromatin extracted from the YAC transgenic
mouse tissues and found that their appearance
often correlates with CFTR expression.

Materials and Methods
Cosmid Clones for YAC Mapping

Probes (Fig. 1) were derived from the cosmid
contig described in the original CFTR cloning pa-
per (19) and were kindly donated by Dr. Joanna
Rommens.

Transgenic Mice

Details of generation of the mice carrying the
37AB12 YAC and crosses with the “Cambridge”
null mice have been described previously (18). The
mice used in this study were homozygous for the
YAC transgene and for the CF knockout. Mouse
tissues were collected immediately after death and
placed in liquid nitrogen for RNA extraction or
processed directly for chromatin extraction. Only
data from the T30 strain of transgenic mice are
presented here.

Chromatin Extraction

Chromatin was extracted from transgenic mouse
tissues, normal mouse ileum, and Calu3 cells as
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Fig. 1. Map of the region from —80 kb to —40 sites and fragments below it (marked B). The proba-

kb from the start of the CFTR gene (A) and of
the region spanning the —20.5 and 185 + 10 kb
DHS (B). (A) The extent of cosmids cJ21, phage
R14.4, and plasmids pB14E4.9 and pB14E5.3 are
shown (top). EcoRI sites (marked R) and fragments
are also shown (middle). Fragments used as probes
for mapping the 5’ end of the YAC are indicated by
bold lines and type (not all data are shown), and
distances 5’ of the ATG translation start site are indi-
cated beneath the line. The —79.5 kb DHS is also
indicated. The lower section shows HindIII sites and
fragments above the line (marked H) and BamHI

described previously (14,15,20). For most tissues,
chromatin was extracted from the whole organ.
For the small intestine, the samples were enriched

ble 5’ end of the YAC is indicated by an arrow be-
low the line. (B) The extent of the cosmid cW44 is
shown (top). The middle section shows HindIII sites
(marked H), with HindIII fragments used as probes
indicated by bold lines and labeled in bold type. The
locations of the —20.5 kb and 185 + 10 kb DHS,
and exon 1 are also shown. The position of the ATG
translation start site and distances from it are indi-
cated below the line. The lower section shows EcoRI
sites (marked R) and sizes of EcoRI fragments above
the line and BamHI sites (marked B) and fragments
below it.

for epithelial cells by washing the contents from
the intestine, opening it by cutting along its length,
and scraping the surface with a microscope slide.
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Table 1. Primers used for PCR

Annealing Extension Product

Temperature Time Size
Primer Primer Sequence (5’ to 3') Location® (°C) (min) (bp)
MOU4-Ava CCCCCGGGATCCTTCTGGATGATACAGAACC —79.5 kb 60 2 214
MOUS8-Eco GGAATTCGGATCCTATGACATGAAGACCAACC
HUG20C CCCCCGGGATCCATCCTAACTCACAGGCAAC —20.5 kb 60 2 274
HUG20D GAATTCGGATCCTTGATAGAGGACGAGATAC
TSR7-Pacl  CCTTAATTAAGGATCCTCATCTTTATCTTCATTGTC 185 + 10kb 60 2 199
TSR8-Sacll TCCCCGCGGATCCTAACTCATTGTACTGACGAG
4i-5 TCACATATGGTATGACCCTC Exon 4 60 3 438
4i-3 TTGTACCAGCTCACTACCTA

“Location denotes map position with respect to CFTR ATG.

RNA Extraction

Total RNA was extracted from transgenic mouse
tissues, normal mouse ileum, and Calu3 cells by
standard methods (21).

Polymerase Chain Reaction (PCR)

Agarose plugs containing 37AB12 YAC DNA
were treated with B-agarase to release template
DNA for PCR reactions. The primers used to am-
plify genomic and YAC DNA are shown in
Table 1. Southern blot analyses of YACs were
carried out by standard methods.

Reverse Transcriptase-PCR (RT-PCR)

All tissues studied were evaluated for transcrip-
tion of human and mouse CFTR mRNA expres-

sion by RT-PCR (14). The locations of primers
used for RT-PCR are shown in Table 2 and
described in detail elsewhere (22,23). The B-ac-
tin primers were B3’'ATGCCATCCTGCGTCTG-
GACCTGGC and B5'AGCATTTGCGGTGCGA-
CATGGAGGG, producing a 607 bp fragment
from mouse RNA and a 581 bp fragment from
human RNA.

DNase I Hypersensitivity Assays

Chromatin from transgenic mouse tissues was
probed for DNase I hypersensitive regions by
standard methods (24). Each batch of chromatin
was tested with the RA2.2 probe that detects a
constitutive DHS in the human and mouse
a-globin gene cluster (25). The DHS at —20.5 kb

Table 2. Comparison of human and mouse RT-PCR primer sequences®

Primer Exon Size (bp) Human Sequence Mouse Sequence

AlR 1 CGAGAGACCATGCAGAGGTC GGAGACATCATGCAGAAGTC
6S1L 6 667 GTAACAACTCCCAGATTAGC GTAACAAGTCCCAGAGAAGC
CIR 11 GTGGAGGTCAACGAGCAAGA GTGGAGGTCAGCGTGCAAGA
C2L 13 812 TCTTCACTTATTTCCAAGCC TCTTCAGTGATGTTCAGTGT
F1R 19 ACGTGAAGAAAGATGACATC ATGTGAAGAAAAGTGATATC
F2L 24 877 CATGTCAACATTTATGCTGC CAGAGCCCCAGGGATCCACC

“Bases that differ between human and mouse sequences are indicated in bold type.
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was detected with the H1.1 probe and that at
185 + 10 kb with the H4.0 probe (see Fig. 1B).
The DHS at 185 + 10 kb was previously referred
to as the 181 + 10 kb DHS (15).

Results
Mapping of the 5' End of the CFTR YAC

Long-range mapping had previously shown that
the YAC contained about 70 kb of upstream
genomic DNA as well as the intact CFTR gene
(18). PCR assays were carried out to determine
whether the DHS at —79.5 kb, —20.5 kb and
185 + 10 kb were in fact present in the YAC
(Table 1 shows the primers and expected prod-
ucts). The YAC DNA and genomic DNA were
amplified in parallel for each DHS (Fig. 2A). Each
PCR reaction also contained a control pair of
primers that amplified a 438 bp fragment span-
ning exon 4 which was known to be present in
the intact YAC. The PCR assays for the DHS at
—20.5 and 185 + 10 kb gave the expected prod-
uct with the YAC as well as the genomic DNA,
indicating that these sites are present in the YAC.
The PCR assay for the DHS at —79.5 kb did not
give the expected product from the YAC even
though the fragment was generated from the
genomic DNA and the control exon 4 assay was
efficient. Therefore, the CFTR YAC probably does
not contain the DHS at —79.5 kb.

Fig. 2. Mapping of the 5’ end of the CFTR
YAC. (A) PCR amplification of 37AB12 YAC
DNA and human genomic DNA with primers
specific for the —79.5 kb region (214 bp prod-
uct, primers MOU4-Ava and MOUS8-Eco), the
—20.5 kb region (274 bp product, primers
HUG20C and HUG20D), and the 185 + 10 kb
region (199 bp product, primers TSR7-Pacl and
TSR8-Sacll). Each PCR reaction also contains
primers for exon 4 (438 bp product, primers
4i-5 and 4i-3). For each set of three reactions,
lane C contains the product of the no-DNA con-
trol, lane G contains the PCR products obtained
using human genomic template DNA, and lane
Y contains those using 37AB12 YAC template
DNA. (B, C) Southern blots of 37AB12 DNA
cleaved with HindIll and probed with pB14E4.9
(B) and pB14E5.3 (C). In both panels lane 1
contains 37AB12 YAC DNA; lane 2, a control
YAC from outside the CFTR locus also cleaved
with HindIIl; and lane 3, probe DNA. In (B)
lane 4 is a 1 kb ladder (Gibco BRL). The multi-
ple bands in the two YAC lanes are probably
due to cross-hybridization to repetitive elements
in the human DNA.

Final mapping data for the 5’ end of the YAC
were provided by hybridization of various probes
to Southern blots of YAC DNA. The pB14E4.9
probe (Fig. 1A) did not hybridize to HindIII-di-
gested YAC DNA (Fig. 2B), whereas the
pB14E5.3 probe (Fig. 1A) hybridized to the ex-
pected HindIll fragments of 1.1, 1.5, and 3 kb
(Fig. 2C). (There are additional bands on the gel
due to cross-hybridization with repetitive human
DNA as shown by the bands also present in the
lane with DNA from an unrelated YAC.) Since
the YAC library was generated by partial EcoR1
digestion of human genomic DNA, the end of the
genomic DNA within the YAC would be ex-
pected to lie at an EcoRI site. Thus the CFTR YAC
probably extends to the EcoRI site at 58.4 kb 5’ to
the CFTR ATG (Fig. 1A) and the YAC does not
include the DHS at —79.5 kb.

Analysis of Transgene Expression

RT-PCR was used to detect CFTR mRNA from
transgenic mouse duodenum, ileum, Kkidney,
liver, lung, pancreas, spleen, and testis and gen-
ital ducts combined (Fig. 3). In addition, the
RT-PCR was carried out on RNA from normal
mouse ileum and from Calu3 cells (Calu3 is a
human airway adenocarcinoma cell line that ex-
presses endogenous CFTR). The positive Calu3
reactions verified the efficiency of the primers to
amplify human CFTR cDNA (lanes labeled Cal in
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Fig. 3. RT-PCR products generated using hu-
man CFTR-specific primers. (A, C, E) RT-PCR
products generated from template RNA extracted
from transgenic mouse duodenum (D), ileum (I),
kidney (K), liver (Li), lung (Lu), pancreas (P), spleen
(Sp). testis and genital ducts (T), Calu3 cells (Cal),
and normal mouse ileum (NM). (B, D, F) A no-RNA
control and no-reverse transcriptase controls for
each tissue. Panels A and B show RT-PCR products

Fig. 3A, C, and E). The normal mouse ileum
negative control reactions showed that the prim-
ers were specific for human CFTR mRNA (lanes
labeled NM in Fig. 3A, C, and E). All RT-PCR
reactions were accompanied by no-RNA and no-
reverse transcriptase controls (Fig. 3B, D, and F).
Mouse B-actin primers were used to check that
RNA in each sample could be amplified by RT-
PCR (Fig. 3G).

Three sets of human CFTR-specific primers
were used for RT-PCR, AIR/6SIL, CIR/C2L, and
FIR/F2L (Table 2). The primers were derived
from the human CFTR ¢cDNA sequence but have
strong homology to the equivalent mouse se-
quence (see Table 2). However, none of them
generated a product from normal mouse ileum

generated using the primers AI1R and 6S1L; C and D
show products using the primers C1R and C2L; E
and F show products using primers FIR and F2L.
RT-PCR products were electrophoresed in a 1% aga-
rose gel. Molecular weight (MW) is the 1 kb DNA
ladder (Gibco BRL). (G) The 607 bp RT-PCR prod-
ucts generated from the same transgenic mouse RNA
samples using the B-actin primers -3’ and B-5'.

RNA. All products obtained using the human-
specific primers on transgenic mouse RNA were
therefore amplified from the human transgene.
This was further validated by complete digestion
of the RT-PCR products using enzymes with rec-
ognition sites only in the human and not the
relevant mouse fragment.

The primers AIR and 6S1L, located in exons
1 and 6, respectively, amplified a product of the
expected size in samples from transgenic duode-
num, ileum, lung, and pancreas whereas no
product was seen in samples from kidney, liver,
spleen, and testis and genital ducts (Fig. 3A). The
primers C1R and C2L, located in exons 11 and
13, respectively, amplified a product of the ex-
pected size in samples from transgenic duode-
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Table 3. Summary of RT-PCR and DHS results?

In Situ Adult Adult
185 + 10 kb —20.5 kb RT-PCR Hybridization Human Mouse
DHS DHS mRNA (18) Expression® Expression®
Small intestine + + + +++ ++++ ++++
Colon NA + NA + ++ ++
Stomach NA + NA - + +
Kidney + + - NA ++ ++
Lung - (+) + - + +
Liver + + - NA + +
Pancreas - (+) + - +++ +
Testis - - +? NA + ++
Genital ducts - - +t - ++ ++
Spleen NA - - NA NA NA

2+, presence and —, absence of DHS or CFTR mRNA, respectively. NA, not analysed.
®Combined testis and genital duct RNA were used for RT-PCR analysis (these data are for primer sets C1/C1L and FIR/F2L, not

AIR/6SI1L).
‘From previously published data.

num, ileum, lung, pancreas, and testis and gen-
ital ducts whereas no product was seen in
samples from kidney, liver, or spleen (Fig. 3C).
The primers F1R and F2L, located in exons 19
and 24, respectively, amplified a product of the
expected size in samples from transgenic duode-
num, ileum, lung, pancreas, and testis and gen-
ital ducts whereas no product was seen in sam-
ples from kidney, liver, or spleen (Fig. 3E).

These results are summarized in Table 3 and
show that the human CFTR transgene is ex-
pressed in duodenum, ileum, lung, and pancreas
but not in kidney, liver, and spleen. Expression
in the testis and genital ducts was observed with
the primers C1R/C2L and F1R/F2L but not with
primers A1R/6S1L.

Detection of the DNase I Hypersensitive Site at
—20.5 kb

The same tissues that had been analyzed by RT-
PCR for CFTR RNA expression were also ana-
lyzed by DNase I digestion of chromatin to detect
DHS. The efficiency of the DNase I digestion was
confirmed by hybridizing filters carrying BamHI-
cleaved DNA from each tissue with the RA2.2
probe (25) which recognizes a constitutive DHS
in the mouse «a-globin gene cluster.

The DHS at —20.5 kb was detected with the
cW44H]1.1 probe (Fig. 1B) as shown previously

with chromatin extracted from human primary
cells and cell lines (14). This probe hybridizes to
an EcoRI restriction fragment of 4.9 kb in intact
chromatin and detects a subfragment of 3.5 kb,
and occasionally another subfragment of 3 kb, in
chromatin treated with DNase I (14). Chromatin
from transgenic mouse tissues was examined for
the presence of the —20.5 kb DHS (Fig. 4). The
intact 4.9 kb EcoRI restriction fragment was seen
in all tissues. A 3.5 kb subfragment appeared in
chromatin from kidney (Fig. 4A), colon
(Fig. 4D), small intestine (Fig. 4E), and stomach
(Fig. 4F). Two subfragments, of about 3.5 kb and
2.8 kb, were seen in liver (Fig. 4B). The 2.8 kb
fragment could indicate the presence of another
DHS in this area. A faint 3.5 kb subfragment was
seen in lung (Fig. 4C) and pancreas (Fig. 4G),
although its intensity did not fully correlate with
the degree of DNase I digestion of the chromatin.
No DHS was seen in chromatin from testis
(Fig. 4H) or genital ducts (Fig. 4I) or spleen (not
shown).

Detection of the DNase I Hypersensitive Site at
185 + 10 kb

The DHS in intron 1 at 185 + 10 kb was detected
with the cW44 H4.0 probe (Fig. 1B). This probe
detects a 22 kb BamHI restriction fragment in
intact chromatin. It detects an intense 8 kb sub-
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Fig. 4. In vivo evaluation of the —20.5 Kb
DHS. (A-I) Chromatin extracted from transgenic
mouse tissues, digested with DNase I, cleaved with
EcoRI, separated on 1% agarose gels, Southern blot-
ted, and probed with cW44 H1.1 to detect the DHS
at —20.5 kb. For each tissue, lane 1 shows DNA pre-

fragment and fainter 10 kb and 12 kb subfrag-
ments in chromatin from CFTR-expressing hu-
man primary cells and cell lines that have been
treated with DNase I (15). Chromatin from kid-
ney, liver, lung, small intestine, pancreas, and
testis was examined for the presence of the
185 + 10 kb DHS (Fig. 5). Two BamHI fragments
of 22 kb and 13 kb were seen in all tissues. The
extra 13 kb BamHI fragment could arise from a
partial copy of the YAC that had integrated into
the genome of the T30 mice in addition to the
intact YAC. This was supported by Southern
blotting data showing that the transgenic mice
had more copies of the 5’ than the 3’ end of the
CFTR gene, even though there were definitely
intact copies of the YAC present (18). A subfrag-
ment of 8 kb was seen in kidney (Fig. 5A), liver
(Fig. 5B), and small intestine (Fig. 5D). The pres-
ence of this 8 kb fragment in intestinal chromatin
that had not been treated with DNase I (Fig. 5D,
lane 1) was due to the presence of endogenous

pared from nuclei that had not been treated with
DNase I and lanes 2-5 show DNA treated with in-
creasing amounts of DNase I: lane 2, 15 units; lane
3, 30 units; lane 4, 60 units; lane 5, 120 units. Mo-
lecular weights were estimated with respect to a 1
kb DNA ladder (Gibco BRL).

DNase in this tissue sample; it was not seen in
other intestinal chromatin samples (not shown).
An additional subfragment of 10 kb was seen in
kidney and small intestine. Small intestine also
exhibited another subfragment of 4.8 kb. These
extra subfragments suggest that there are addi-
tional DHS in intron 1 at 185 + 12 kb (indicated
by the 10 kb subfragment) and 185 + 6.8 kb
(indicated by the 4.8 kb subfragment). No DHS
were observed in lung (Fig. 5C), pancreas
(Fig. 5E), or testis (Fig. 5F). A summary of the
DHS results is presented in Table 3.

Discussion

The data presented here provide the first in vivo
analysis of potential regulatory elements located
at —20.5 kb with respect to the ATG and at 10 kb
into the first intron of the human CFTR gene. By
using a YAC carrying the intact human CFTR
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Fig. 5. In vivo evaluation of the 185 +
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I, cleaved with BamHI, electrophoresed on a
1% agarose gel, Southern blotted, and probed
with ¢W44 H4.0 to detect the DHS in intron
1 of the CFTR gene, at 185 + 10 kb. For each
tissue, lane 1 shows DNA prepared from nu-
clei that had not been treated with DNase I
and lanes 2-5 show DNA treated with in-
creasing amounts of DNase I: lane 2, 15 units;
lane 3, 30 units; lane 4, 60 units; lane 5, 120
units. Molecular weights were estimated with

gene, introduced into CF knockout mice, we
were able to evaluate the involvement of these
regulatory elements in CFTR gene expression. If
regulatory elements at these sites are involved in
driving CFTR gene expression, then the DHS
would be expected to appear in chromatin ex-
tracted from tissues of these transgenic mice that
express the CFTR gene. The absence of the DHS
would indicate that they are not needed for ex-
pression in these tissues. However, the DHS
might still appear even if they are not important
in expression. The fact that two independent
transgenes with the YAC carrying the intact hu-
man CFTR gene (T30 and T57) were both able to
complement the null mice and gave roughly the
same expression in all tissues examined (18) ar-

respect to a 1 kb DNA ladder (Gibco BRL).

gues against position effects of neighboring chro-
matin playing a significant role in CFTR expres-
sion and the DHS in these mice.

The DHS that was previously detected at
—79.5 kb was not present on the YAC. As the
YAC expresses well in the small intestine and
salivary glands of transgenic mice, this indicates
that the —79.5 kb DHS is not important for ex-
pression in these tissues. However, it could be
important for expression in such tissues as the
kidney, and Brunner’s glands (18), where ex-
pression of the gene from the YAC is not found.
The two regions at —20.5 kb and 185 + 10 kb in
the YAC were both able to form DHS in some
tissues in the transgenic mice. This indicates that
the mouse transcriptional machinery is able to
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interact with these sites and that they are prob-
ably important for CFTR gene expression.

An initial investigation of human CFTR
transgene expression in the CF knockout mice by
mRNA in situ hybridization (18) showed abun-
dant expression in the crypts of the small intes-
tine with a decreasing gradient from the duode-
num to the colon, as well as in salivary glands
within the ductal epithelium and mucous acini.
No CFTR transgene expression was seen in the
pancreas, lung, or Brunner’s glands. In the
present study human CFTR mRNA was detected
by RT-PCR in the small intestine, lung, pancreas,
testis and genital ducts but not in the kidney,
liver, or spleen. The results for the lung and
pancreas are of interest as it was not clear from
the in situ hybridization data whether there was
any expression of the human transgene in these
tissues. The positive results for the lung and pan-
creas by RT-PCR could be due to the increased
sensitivity of RT-PCR over mRNA in situ hybrid-
ization (18).

We consistently detected human CFTR
mRNA in testis and genital ducts using primers
for exons 11 to 13 and exons 19 to 24 of the
transgene, but no product was obtained using
primers in exons 1 and 6. This could be because
mRNA transcribed from the transgene in testis
and genital ducts lacks the sequence for primer
binding in exon 1, exon 6, or both. Testis-specific
alternative splicing of CFTR mRNA and the use of
testis-specific transcription start sites have been
reported in mice and humans (26-29). To date,
only events that insert novel sequences into the
CFTR mRNA have been reported, and none that
result in deletion of exons. However, alternative
splicing causing exon loss from the human CFTR
transcript has been reported in nasal epithelial
cells, among other cell types (22). Such testis-
specific alternative splicing of the human CFTR
gene might be relevant to the male infertility
associated with CF in humans, although CF mice
are fertile. However, the defect is generally
thought to be within the genital duct epithelium
rather than the testis itself.

The —20.5 kb DHS has been previously seen
in a wide variety of human epithelial cell lines
and primary cells irrespective of their CFTR ex-
pression status (14), hence we predict that it
might contain a regulatory element involved in
basal CFTR expression. As such, it would be ex-
pected to appear in a wide variety of tissues in
the YAC transgenic mice. Our results confirm
this prediction, as the —20.5 kb DHS was seen to
some extent in chromatin extracted from all the

transgenic mice tissues analyzed, with the excep-
tion of the testis, genital ducts, and spleen. The
intensity of the appearance of the DHS cannot be
correlated with CFTR expression levels in these
analyses since chromatin has been extracted
from whole tissue (or in the case of the small
intestine, enriched for surface epithelial cells),
but we have no information on what percentage
of cells within a tissue express the CFTR gene.

The presence of the 185 + 10 kb DHS was
previously shown to correlate completely with
CFTR expression in a range of human cell lines
and primary cells (15), hence it might be pre-
dicted to show a more restricted pattern of ap-
pearance in the transgenic mice. This is indeed
the case, with this DHS being evident only in
chromatin extracted from small intestine, kid-
ney, and liver, and not seen in lung, pancreas, or
testis. The presence of the 185 + 10 kb DHS in
small intestine is consistent with its involvement
in CFTR expression in the Caco2 colon carcinoma
cell line, as shown by transient reporter gene
assays (15).

The 185 + 10 kb DHS is not present in chro-
matin extracted from transgenic mouse pan-
creas. In humans, CFTR expression levels are
very high in pancreatic duct cells (2,4,5) and the
185 + 10 kb DHS has been observed in a human
pancreatic adenocarcinoma cell line (Capanl)
that expressed low levels of CFTR (15). However,
mice show very low levels of pancreatic CFTR
expression (9) and the transgenic mice show low
levels of human transgene expression in the pan-
creas (undetectable by mRNA in situ hybridiza-
tion). It is possible that only a small percentage of
cells (for example, certain ductal epithelial cells)
in the transgenic mouse pancreas express the
human CFTR gene at a high level and that they
contribute too small a fraction to the total tissue
chromatin for the DHS to be detected. Alterna-
tively, the —20.5 kb DHS, which is present in
pancreatic chromatin from the transgenic mice,
might be involved in the low-level expression
detected in the transgenic mouse pancreas by
RT-PCR, while the 185 + 10 kb site might con-
tain a regulatory element involved in the high
levels of CFTR gene expression normally seen in
human pancreatic duct cells. The lack of the
185 + 10 kb site in the mouse chromatin (prob-
ably due to the lack of appropriate transcription
factors) would then explain the lack of high-level
expression in the mouse pancreas.

Similarly, the 185 + 10 kb DHS is not
present in chromatin extracted from transgenic
mouse lung. The CFTR gene is normally ex-
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pressed at low levels in the surface epithelium of
the adult human lung, with higher levels in the
serous portion of submucosal glands (6). Mice
express low levels of CFTR mRNA in the surface
epithelium and have very few submucosal glands
restricted to the tracheal submucosa (9). Low
levels of human CFTR mRNA were detected by
RT-PCR in lungs from the transgenic mice. The
presence of the —20.5 kb DHS, but not the 185 +
10 kb DHS, in chromatin extracted from the
transgenic lung tissue might be accounted for by
the —20.5 kb DHS being responsible for the low
level of expression in the epithelial cells, while
the 185 + 10 kb DHS is important for higher
expression levels in the human submucosal
glands.

It is not clear why the 185 + 10 kb DHS is
seen in chromatin extracted from liver, since
neither mouse nor human CFTR genes are ex-
pressed at significant levels in liver and no hu-
man transgene CFTR mRNA is detected in liver
RNA. CFTR expression is seen at high levels in
gall bladder epithelium but gall bladders were
removed from the transgenic mouse tissues prior
to extraction of mRNA and chromatin. Similarly,
the 185 + 10 kb DHS was present in chromatin
extracted from transgenic mouse kidney but no
human CFTR mRNA was detected in the trans-
genic mouse kidney by RT-PCR. However, en-
dogenous CFTR mRNA is expressed in the nor-
mal human and mouse kidneys. These data
suggest that, although the 185 + 10 kb DHS
appears, the human CFTR transgene is unable to
respond to some of the mouse transcription fac-
tors that regulate CFTR expression in the kidney.

The results from the testis and genital ducts,
in which the human YAC CFTR transgene was
expressed but neither the —20.5 kb or 185 + 10
kb DHS were evident, suggest that neither of
these regions is important in testis or genital duct
expression. Human testis exhibits low and dif-
fuse levels of CFTR expression, which does not
appear to be associated with any specific cell type
(30). In contrast, CFTR is expressed at higher
levels in the epithelium of the seminiferous tu-
bules of mouse testis at all stages of spermato-
genesis (9). CFTR is also known to show specific
temporal regulation of expression in the male
and female reproductive systems in rodents (10).
Control of expression in these tissues may be
operating through different regulatory elements.

In conclusion, the data provide evidence for
the in vivo importance of the DHS at —20.5 kb as
this site is present in chromatin from most of the
transgenic mouse tissues. The 185 + 10 kb DHS

has a more restricted distribution and is not
found in lung or pancreatic tissues of the trans-
genic mice. The lack of formation of this DHS
might be responsible for the very low levels of
CFTR expression in the mouse lung and pan-
creas, which would indicate that the 185 + 10 kb
DHS is important for the higher levels of expres-
sion in these human tissues. Finally, neither DHS
is present in chromatin from testis or genital
ducts, and expression in these tissues may be
operating through other regulatory elements
that have not been identified but that are present
on the YAC.

However, the results also illustrate the prob-
lems of using the mouse as a model for investi-
gation of the subtleties of human CFTR tissue-
specific regulation. The CFTR gene shows a
divergent pattern of expression in rodents (9)
and humans (2-6). The data presented here
show that the murine transcriptional machinery
can interact with the —20.5 and 185 + 10 kb
DHS and give adequate levels of CFTR mRNA
expression in many tissues. However, lack of
transgene expression in certain other sites, such
as the kidney and Brunner’s glands, might result
from the incompatibilities between the mouse
and human transcriptional control mechanisms
for CFTR. Analysis of the promoter regions of the
human, mouse, and rat CFTR genes has shown
them to be highly divergent (31,32). Although
some putative regulatory elements are loosely
conserved, most of them are species-specific. A
more extensive cross-species comparison of the
CFTR promoter region (33) from eight mamma-
lian species including human, monkey, cow, rab-
bit, mouse, and rat suggests that the cow and
rabbit might be more suitable models in which to
analyze human CFTR gene regulation in vivo.
Recent advances in cloning technology (34-36)
will enable this type of analysis to be carried out
in ovine models, which are known to show a
pattern of CFTR gene expression and regulation
that is very similar to that of the human gene
(37,38).
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