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ABSTRACT

Consistent with the fact that the clinical disorder cystic
fibrosis (CF) is manifested on epithelial surfaces, active
transcription of the CF transmembrane conductance
regulator (CFTR) gene and CFTR mRNA transcripts are
detectable in a variety of epithelial cells, suggesting
CFTR gene expression might be epithelial cell-specific.
However, analysis of the CFTR gene promoter suggests
it is a housekeeping gene, implying more widespread
expression than only in epithelial cells. To evaluate the
latter hypothesis, various human cells of non-epithelial
origin, including lung fibroblasts, U-937 histiocytic
lymphoma cells, K-562 erythroleukemia cells, HL-60
promyelocytic leukemia cells as well as freshly isolated
blood lymphocytes, neutrophils, monocytes, and
alveolar macrophages were examined for CFTR gene
expression. Although Northern analysis failed to show
CFTR mRNA transcripts in these cells, amplification of
mRNA (after conversion to cDNA) by polymerase chain
reaction combined with Southern analysis demon-
strated the presence of CFTR mRNA transcripts at low
levels in all cells evaluated except HL-60 cells.
Comparative quantitative analysis showed fibroblasts
contained 200 - 400 fold less CFTR mRNA transcripts
than the T84 and HT-29 colon carcinoma epithelial cell
lines, but had similar levels of CFTR transcripts to those
of other epithelial cell lines. Nuclear transcription run-
on analyses demonstrated very low level CFTR gene
transcription in fibroblasts and U-937 cells, similar to
that of other epithelial cells, but lower than the T84 and
HT-29 colon carcinoma cell lines. Interestingly, while
chromatin DNA of fibroblasts had no DNase I hyper-
sensitivity sites in the 5' flanking region of the CFTR
gene, HT-29 chromatin DNA exhibited four DNase I
accessible sites in the same region, suggesting that
these sites may be related to more active transcription
of the CFTR gene in the intestinal epithelial cells than
in fibroblasts.

INTRODUCTION
Cystic fibrosis (CF), one of the most common fatal hereditary
disorders of Caucasians, is a disease manifested on epithelial
surfaces, particularly in the lung, pancreas and intestine (1). The
disease is caused by mutations of the 'cystic fibrosis trans-

membrane conductance regulator' (CFTR) gene, a 27 exon, 250
kb gene on chromosome 7 at q31, whose predicted primary
translation product is a 1480 amino acid protein (2,3). Although
all of the functions of this CFTR protein are not clear, available
evidence from a variety of sources suggests it may be a regulated
anion channel which secretes Cl- across the apical membrane
of epithelial cells in response to activation of specific pathways
regulated by increased intracellular cyclic AMP (cAMP) or
protein kinases (4-12). Consistent with this concept, CFTR
mRNA transcripts have been observed in organs with epithelia
and in epithelial cell lines derived from colon and pancreas
carcinomas, as well as transformed airway epithelial cells,
cultured sweat gland cells, and fresh bronchial epithelial cells
(3,13 - 18). Further, nuclear transcription run-on analyses have
shown epithelial cells actively transcribe the CFTR gene, and
transfection studies have demonstrated that 5' flanking sequences
of the CFTR gene are capable of promoting reporter gene
expression in epithelial cells (13).
Although this evidence suggests the expression of the CFTR

gene might be epithelial cell-specific, there is also evidence that
the expression of the gene may be more widespread. In this
regard, CFTR mRNA transcripts in lymphocytes have been used
to identify mutations in the CFTR gene (19), and fibroblasts and
lymphocytes derived from individuals with CF have defective
Cl- secretory responses to secretagogues which increase
intracellular cAMP levels (20-22). Further, the promoter of the
CFTR gene has characteristics of a housekeeping gene in that
it has no TATA box, a high G + C content, multiple transcription
start sites, several putative binding sites for the transcription factor
Spl, and supports only low level transcription (13,23), implying
that the expression of the CFTR gene may not be limited to
epithelial cells.
With this as background, the present study has been directed

toward evaluating the expression of the CFTR gene in human
cells of non-epithelial origin. Interestingly, we have found that
although the levels of expression vary, the CFTR gene is
expressed in many of these cells.

MATERIALS AND METHODS
Source of cells and cell culture
Non-epithelial cells included both cell lines and freshly isolated
cells, all of human origin. The non-epithelial culture cell lines
evaluated were HFL1 human diploid lung fibroblasts [American
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Type Culture Collection (ATCC) CCL 153], WI-26VA4 trans-
formed lung fibroblasts (ATCC CCL 95.1), U-937 histiocytic
lymphoma cells (ATCC CRL 1593), K-562 erythroleukemia cells
(ATCC CCL 243) and HL-60 promyelocytic leukemia cells (AT-
CC CCL 240). Fresh T-lymphocytes, neutrophils and monocytes
were isolated from blood of normal individuals (24). Alveolar
macrophages were obtained by bronchoalveolar lavage from
normal nonsmoking volunteers (25). As epithelial cell controls,
the colon adenocarcinoma cell lines T84 (ATCC CCL 248) and
HT-29 (ATCC HTB 38) [cells known to express the CFTR gene
(3,13,14)], as well as the HS-24 human bronchial squamous
carcinoma cell line (provided by W. Ebert, Thoraxklinikum,
Heidelberg-Rohrbach, West Germany) (26) and the HeLa cervical
carcinoma cell line (ATCC CCL 2) were evaluated. All cell lines
were maintained in Dulbecco's modified Eagle's medium
(DMEM, Whittaker Bioproducts) supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, 50 units/ml penicillin and
50 ag/ml streptomycin (all from Biofluids, Inc.), except T84 cells
which were maintained in DMEM with 5% FBS, 2 mM
glutamine, 50 units/ml penicillin and 50 ag/ml streptomycin, and
HS-24 cells in RPMI 1640 with 25 mM N-(2-hydroxyethyl)piper-
azine-N'-(2-ethanesulfonic acid) (HEPES), pH 7.4, 2 mM
glutamine, 100 pg/ml gentamicin (all from GIBCO/BRL). All
experiments with adherent cell lines were carried out when the
cells were 80-90% confluent. Suspension cell lines were utilized
during exponential growth (5 - 10 x 105/ml). All cell populations
were >95% viable by trypan blue exclusion.

Evaluation of CFTR mRNA transcript levels

CFTR mRNA transcript levels were evaluated by two separate
methods: Northern analysis (27) and amplification of mRNA
(after conversion to cDNA) using the polymerase chain reaction
(PCR) followed by Southern hybridization (28,29). Total cellular
RNA was isolated from each cell type by the guanidine
thiocyanate-cesium chloride gradient method (30). Northern
analysis was carried out using 10 4g of total RNA from each
cell type. For mRNA evaluation by PCR, the equal amount of
total RNA (5 jig) from each cell type was first incubated (50 ,tl
total volume) with Moloney murine leukemia virus reverse

transcriptase (GIBCO/BRL) and either oligo-dT primer (for
subsequent amplification of the region spanning exons 21 -24
only), or random hexanucleotide primers (for subsequent
amplification of the regions spanning exons 1-5, exons 17b- 19,
and exons 21-24) (both primers from Promega) to convert
mRNA to cDNA (31). To quantify CFTR gene mRNA
transcripts, PCR amplification was performed for the region
spanning exons 21-24 (603 bp) using 5 jil of each reverse

transcription product as a template, Taq DNA polymerase
(Perkin-Elmer Cetus), and CFTR gene specific primers in exon
21 (HCF-12: 5'-AGTGGAGTGATCAAGAAATATGG-3') and
exon 24 (HCF-6: 5'-TCCACGAGCTCCAATTCCATG-
AGG-3'), primers chosen to cross exon-intron boundaries to
preclude amplification of potentially contaminating genomic DNA
(3,13,16,28). The relative CFTR mRNA transcript levels among
various cell types were evaluated by PCR amplification (94'C -2
min x I cycle; 94CC-1 min, 58°C-2 min, 72CC-3 min, x 25
cycles; 72°C -5 minx 1 cycle) (DNA Thermal Cycler, Perkin-
Elmer Cetus) of serial dilutions of each cDNA (13,16). To
demonstrate that cDNA could be quantitatively evaluated,
standard curves were established using 5 /1 of serially diluted
reverse transcription products (1, 10, 102 and 103-fold) as

templates. To confirm the quantification of CFTR mRNA

transcripts in non-epithelial cells, two other regions of CFTR
mRNA transcripts were also amplified: exons 1-5 (686 bp; with
HCF-33, 5'-AGTAGTAGGTCTTTGGCATTAGG-3' and
HCF-60, 5'-CATCAAATTTGTTCAGGTTGTTGG-3'), and
exons 17b- 19 (538 bp; with HCF-47, 5'-TCATCTTGTTAC-
AAGCTTAAAAGG-3' and HCF48, 5'-AGAAGGAAATGT-
TCTCTAATATGG-3'). As a control, oy-actin mRNA transcripts
were evaluated by the similar techniques except the primers were
specific for 'y-actin transcripts (HAG-3, 5'-ATGAAGATCAA-
GATCATCGCACCC-3'; and HAG-4, 5'-CACCAAGCCACC-
GACTTGTCTTCC-3'), and amplification was carried out for
only 18 cycles (16,32). Following amplification, the cDNA was
subjected to agarose gel electrophoresis, transferred to nylon
membranes (Nytran, Schleicher and Schuell), cross-linked by
ultraviolet (UV) irradiation (Stratalinker, Stratagene), and
hybridized with 32P-labeled probes [prepared by the random
priming method (33)]. For evaluation of CFTR exon 21 -24
amplified product, a nested cDNA probe was used; for the
comparative analysis of amplification of 3 different CFTR
transcript regions, a 4.5 kb cDNA probe was used; and for
evaluation of the -y-actin gene, a nested cDNA probe was used
(13,16,32). Hybridization was carried out in 0.5 M sodium
phosphate buffer, pH 7.0, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1 % (w/v) bovine serum albumin (BSA), and 7% (w/v)
sodium dodecyl sulfate (SDS) at 650C for 36 h (34). Membranes
were then washed twice in 2 x SSC (1 x SSC: 150 mM sodium
chloride and 15 mM sodium citrate), 0.1 % SDS at 230C for 30
min, and twice in 0.1xSSC, 0.1% SDS at 65°C for 30 min,
and evaluated by autoradiography. To quantify the relative CFTR
gene mRNA transcript levels, the resulting autoradiograms were
scanned by a laser densitometer (Ultroscan Laser Densitometer,
Pharmacia-LKB).

Transcription of the CFTR gene
The CFTR gene transcription rates in various cell lines were
evaluated by nuclear transcription run-on analysis (13,35,36).
Nuclei isolated from 5 x 107 cells of each cell line were
incubated (370C, 30 min) with 5 mM ATP, 2 mM CTP, 2 mM
UTP, 250 ACi [a-32P]GTP (>400 Ci/mmol, Amersham) in the
presence of 2 units/tl RNase inhibitor (RNasin, Promega) to label
actively transcribed RNA. RNA was then recovered by the acid
guanidinium thiocyanate-phenol-chloroform method (37) using
RNAzol B (Cinna/Biotex Laboratories International), and
resuspended in 10 mM HEPES, pH 7.4, 5 mM EDTA, 0.1 %
SDS. 32P-labeled nascent RNA was purified by Sephadex G-50
column chromatography (5 prime - 3 Prime), denatured
(650C, 10 min), and hybridized to filter-bound DNA targets in
1 ml of hybridization buffer at 65°C for 36 h as described above.
Plasmids containing the individual DNA targets (5,^g each) were
denatured in 200 mM NaOH at 95°C for S min, neutralized with
300 mM HEPES (free acid), blotted on Nytran membranes using
a slot blot apparatus (Minifold II, Schleicher & Schuell), and
immobilized by UV cross-linking. DNA targets included a human
CFTR cDNA pTG4964 (13), genomic clones for the human
proto-oncogenes c-fos and c-myc containing no repetitive
sequences (both from Lofstrand Labs), a human f3-actin cDNA
pHFfA- 1 (32), and as a negative control, the plasmid pUC 19.
Except for 0.5 % BSA, hybridization was carried out under the
same conditions as described for Southern analysis above. After
hybridization, the membranes were washed 3 times in 2 x SSC
at 23°C for 10 min, exposed to 5 jtg/ml RNase A and 5 units/ml
RNase TI in 2xSSC, 10 mM Tris-HCI, pH 7.4, at 37°C for
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30 min, followed by incubation with 50 mg/ml proteinase K (all
from Boehringer Mannheim Biochemicals) in 2 x SSC, 10 mM
Tris-HCl, pH 7.4, 0.5% SDS at 370C for 45 min, washed in
2 xSSC, air dried and evaluated by autoradiography (13,35). To
determine the relative transcription rate of the CFTR gene
compared to the 3-actin gene (defined as 100%), the autoradio-
grams were quantified by laser densitometric scanning, and after
subtracting background hybridization to the plasmid pUC 19, the
values normalized to the relative length of the RNA coding
sequences within DNA targets (CFTR 4.5 kb; ,B-actin 2.0 kb,
respectively).

DNase I hypersensitivity site mapping of CVJ' gene 5'
flanking region
The 4.4 kb EcoRI segment of the CFTR gene containing the 5'
flanking sequences was evaluated for DNase I hypersensitivity
sites in chromatin DNA of freshly isolated nuclei from HT-29
epithelial cells and HFL1 fibroblasts (38,39). Briefly, cells were
detached from culture plates with trypsin, washed with phosphate
buffered saline, pH 7.4, and resuspended in nuclear isolation
buffer [15 mM Tris-HCl, pH 7.4, 60 mM KCI, 15 mM NaCl,
5 mM MgCl2, 0.1 mM ethylene glycol-bis(3-aminoethyl ether)
N,N,N',N'-tetraacetic acid (EGTA), 0.5 mM dithiothreitol]
containing 0.3 M sucrose and 0.2% (v/v) Nonidet P-40. Nuclei
were isolated using sucrose gradient centrifugation at 25,000 xg,
18 min, resuspended in 10 mM Tris-HCl, pH 7.4, 10 mM KCl,
3 mM MgCl2, and exposed to bovine pancreatic DNase I
(10 ng/t4g DNA, Boehringer Mannheim Biochemicals) for 0, 1,
2, or 4 min. The chromatin DNA was extracted and purified.
DNA (20 jig) from each DNase I exposure was completely
digested with EcoRI (New England Biolabs, Inc.), subjected to
agarose gel electrophoresis, and evaluated by Southern
hybridization analysis as described above. The 32P-labeled probe
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used was a 450 bp EcoRI-AccI fragment located at the 5' end
of the 4.4 kb EcoRI segment of the CFTR gene (prepared by
the random priming method) (13,33).

RESULTS
CFTR mRNA transcript levels
Although Northern analyses readily demonstrated 6.5 kb CFTR
mRNA transcripts in the intestinal epithelial cell lines T84 and
HT-29 as previously described (3,13,14), no CFTR mRNA
transcripts were observed in any non-epithelial cell line under
identical conditions with the equal amount of total RNA and the
same 32P-labeled 4.5 kb CFTR cDNA probe (data not shown).
However, using the more sensitive technique of PCR
amplification after reverse transcription followed by Southern
hybridization, it was apparent that almost all non-epithelial cells
contained CFTR mRNA transcripts, albeit in reduced quantity
(Figure 1).

First, comparative analysis using quantitative PCR (in which
the amplification of CFTR mRNA transcripts in the region of
exons 21-24 was in linear relationship to the input template
cDNA amount) showed that diploid HFL1 fibroblasts contained
CFTR mRNA transcripts, although at levels 200- to 400-fold less
than T84 or HT-29 cells (Figure lA). However, the differences
between non-epithelial and epithelial cells were less striking when
the fibroblasts were compared to the HS-24 lung epithelial cell
line, in which the level ofCFTR transcripts was only 1.5 to 2-fold
greater. In contrast, as control, y-actin mRNA transcript levels
evaluated by the identical methodology were quite similar among
these four cell lines.

Second, evaluation of a variety ofhuman cells of non-epithelial
origin demonstrated that the presence ofCFTR mRNA transcripts
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Figure 1. Expression of the CFTR gene in human non-epithelial cells compared to that in epithelial cells. (A) Quantitative analysis of the levels of CFTR gene
mRNA transcripts (top), and as a control, 'y-actin mRNA transcripts (bottom). mRNA transcripts were evaluated by polymerase chain reaction (PCR) amplification
of cDNA (converted from mRNA by reverse transcriptase) and Southern hybridization. Data shown from left to right are: T84 colon carcinoma cells (lanes 1-4),
HT-29 colon carcinoma cells (lanes 6-9), HS-24 bronchial squamous carcinoma cells (lanes 11-14), and HFL1 lung fibroblasts (lanes 16-19). Serially diluted
(from 1 to 103-fold) reverse transcription products were used as the templates for PCR amplification for each cell line. PCR control lane for each cell type contained
no DNA as a template (labeled 'C': lanes 5,10,15,20). The sizes of the amplified mRNA transcripts (cDNA) are indicated (CFTR 603 bp, y-actin 482 bp). (B)
CFTR gene mRNA transcripts (top), and -y-actin mRNA transcripts (bottom) in various human cell types. Human cells included: T84 colon carcinoma cells (lane
1), HeLa cervical carcinoma cells (lane 2), WI-26VA4 transformed lung fibroblasts (lane 3), U-937 histiocytic lymphoma cells (lane 4), K-562 erythroleukemia
cells (lane 5), blood T-lymphocytes (lane 6), neutrophils (lane 7), monocytes (lane 8), alveolar macrophages (lane 9) and HL-60 promyelocytic leukemia cells (lane
10). The reverse transcription products of T84 cells (diluted 102-fold) served as a positive control for the CFTR transcripts (lane 1) and no DNA template served
as a negative PCR control (lane 11). For -y-actin mRNA amplification in T84 cells, reverse transcription products used as a template for the PCR were undiluted.
The sizes of the amplified mRNA transcripts are the same as those in Figure IA (as noted above). (C) Amplification of three different regions of CFTR gene mRNA
transcripts. Lane 1-T84 cells (with 102-fold diluted PCR template) evaluated for exon 1-5 containing transcripts; lane 2-same as lane 1 but for transcripts containing
exons 17b- 19; lane 3; same as lane 1 but for exons 21-24; lane 4-HFL1 fibroblasts for exons 1-5; lane 5-same as lane 4 but for exons 17b-19; lane 6-same
as lane 4 but for exons 21-24; lane 7-HL-60 cells for exons 1-5; lane 8-same as lane 7 but for exons 17b- 19; lane 9-same as lane 7 but for exons 21-24.
The expected sizes of the amplified products are shown (exons 1-5, 686 bp; exons 17b- 19, 538 bp; exons 21-24, 603 bp).
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Figure 2. Comparison of the transcription rate of the CFTR gene to control genes
in epithelial cells and in non-epithelial cells. (Top) Shown is transcription run-on
analysis for: T84 (lane 1), HT-29 (lane 2), HS-24 (lane 3), HeLa (lane 4), HFL1
(lane 5), WI-26VA4 (lane 6), U-937 (lane 7) and HL-60 (lane 8). For further
comparison to the data for the CFTR. also shown are c-fos, c-myc and ,B-actin
gene transcription un-on data. The plasmid pUC19 is a negative control. (Bottom)
Relative transcription rate of the CFTR gene compared to that of the ,B-actin gene
defined as 100% (see Materials and Methods).

was a common phenomenon (Figure LB). Comparative analysis
using the identical amplification conditions (see above)
demonstrated that the non-epithelial cells WI-26VA4, U-937,
K-562, T-lymphocytes, neutrophils, monocytes and alveolar
macrophages all contained CFTR transcripts. Further, while
CFTR mRNA levels in these cells were several hundred-fold less
than in T84 cells, the amounts were comparable to HeLa epithelial
cells. CFTR mnRNA levels in all these non-epithelial cells were

within a 10-fold range. Interestingly, only one cell line evaluated,
the HL-60 promyelocytic line, contained no detectable CFTR
transcripts under these very sensitive assay conditions. Controls
for the PCR method included the observations that no signal was
present in samples containing no template, and that similar
amounts of 'y-actin mRNA transcript levels were observed in all
cells analyzed.

Finally, not only were CFTR transcripts evident in non-

epithelial cells such as HFL1 fibroblasts, but the transcripts
contained sequences spanning the range of the entire CFTR
coding exons, including exons 1-5, 17b- 19, and 21 -24
(Figure IC). A similar observation was made in T84 cells, but
not in the HL-60 cells where no CFTR transcripts were observed.

CFTR gene transcription in cells of non-epithelial origin
Comparative nuclear transcription run-on analyses demonstrated
that, like epithelial cells, non-epithelial cells such as fibroblasts
and U-937 cells also actively transcribed the CFTR gene,

although the rate of transcription was generally lower in non-

epithelial cells (Figure 2). The relative transcription rate of the

Figure 3. Evaluation of chromatin DNA for the presence of DNase I
hypersensitivity sites in the 5' flanking and the intervening sequences of the exon
1 of the CFTR gene in epithelial cells (HT-29 colon carcinoma) compared to
non-epithelial cells (HFL1 fibroblasts). (A) Partial map of the CFTR gene and
5' flanking region showing the EcoRI restriction fragment used for evaluation
of DNase I hypersensitivity sites. The location of a 32P-labeled probe
encompassing a 5' EcoRI-AccI fragment (pPB254) is indicated (hatched box).
Arrows indicate the approximate locations of the DNase I hypersensitivity sites
observed in HT-29 cell chromatin DNA. (B) Comparison of DNase I
hypersensitivity sites in chromatin DNA from HT-29 cells and HFL1 lung
fibroblasts. Nuclei isolated from HT-29 and HFL1 cells were treated with DNase
I for 0 to 4 min, DNA was extracted, digested with EcoRI, and evaluated by
Southern analysis with the 5' EcoRI-AccI probe as describe above. Lanes
1-4-chromatin DNA from HT-29 cells. The appearance of 3.6, 2.9, 2.2 and
0.8 kb bands is indicated. Lanes 5 - 8-chromatin DNA from HFLl fibroblasts.
No hypersensitivity sites emerge over the period of DNase I treatment.

CFTR gene in HFLl, WI-26VA4 and U-937 cells compared to
that of the 3-actin gene (defined as 100%) was 0.6, 2.3 and 0.7%,
respectively, while the rate was 5.2 and 5.4% in T84 and HT-29
cells, respectively. Importantly, other epithelial cell lines showed
levels of transcription comparable to the non-epithelial cells
(HS-24, 1.0%; HeLa, 1.1 %). Consistent with the absence of
CFTR gene mRNA transcripts, no transcription of the CFTR
gene was detected in HL-60 cells.

DNase I hypersensitive sites
DNase I hypersensitivity site mapping studies of HT-29 cell
chromatin showed four hypersensitivity sites in the 5' flanking
region of the CFTR gene at approximately -3000, -1600,
-900 and -200 bp relative to the major transcription start site
(Figure 3; see reference 13 for details regarding the major
transcription start site and the 5' flanking region). In contrast,
no DNase I hypersensitivity sites were observed in HFL1
fibroblast chromatin DNA.

DISCUSSION

The pathological consequences of cystic fibrosis unfold almost
entirely on epithelial surfaces, including the lung, pancreas and
gastrointestinal tract (1). Consistent with this concept, the CFTR
gene is actively transcribed by epithelial cells freshly isolated from
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normal human bronchi, and by the T84 and HT-29 carcinoma
cell lines derived from colonic epithelia (13). Further, CFTR
mRNA transcripts are found in these and other (Caco-2) colonic
epithelial cell lines (18,40), as well as other human epithelial cells,
including normal and CF bronchial epithelial cells (13,16,17),
normal sweat glands (3), and various cell lines such as CFPA-
C-l pancreatic adenocarcinoma cells (15), bronchial carcinoma
cells (HS-24) and cervical carcinoma cells (HeLa) as shown in
the present study. While the relative levels of CFTR transcripts
vary among these epithelial cells, the observation that all epithelial
cells evaluated express the CFTR gene suggests that the CFTR
gene may be expressed universally in human epithelial cells.

Analysis of the 3.8 kb segment of the 5' flanking region to
exon 1 of the CFTR gene, however, reveals structural and
functional features typical of a 'housekeeping' gene, implying
broader expression of the CFTR gene than only in epithelial cells
(13). The present study clearly shows that this is the case, in
that a broad variety of cells of non-epithelial origin contains CFTR
gene mRNA transcripts. Further, it appears that the entirety of
CFTR gene coding sequence is transcribed in non-epithelial cells,
as evidenced by the presence of transcripts in fibroblasts
containing sequences encoded by exons 1-5, exons 17b- 19,
and exons 21 -24. In addition, cells such as fibroblasts transcribe
the CFTR gene.
Based upon the observations made in the present study, it is

possible to categorize the various cells into four groups according
to the origin of cells and the level of CFTR gene expression:
(1) colon carcinoma cells derived from intestinal epithelium such
as T84 and HT-29 cells which show the highest levels of
transcription and mRNA transcripts of the CFTR gene of all
known cells; (2) other epithelial cells, including carcinoma cell
lines such as HeLa cervical carcinoma cells and HS-24 bronchial
carcinoma cells (this study), as well as transformed cell lines such
as BET-lA bronchial cells and 293 kidney epithelial cells
(unpublished data), which demonstrate lower levels of
transcription and mRNA transcripts; (3) non-epithelial cells,
including HFL1 diploid lung fibroblasts, WI-26VA4 transformed
lung fibroblasts, hematopoietic tumor cells such as U-937
histiocytic lymphoma cells, K-562 erythroleukemia cells as well
as freshly isolated blood cells (T-lymphocytes, neutrophils and
monocytes) and alveolar macrophages, which show very low
levels of CFTR gene transcription and mRNA transcripts, but
similar to those of the cells in group 2; and (4) non-epithelial
HL-60 promyelocytic leukemia cells, the only cell known that
shows no detectable transcription or mRNA transcripts of the
CFTR gene.

Although there is some variation in the levels of CFTR gene
expression among non-epithelial cells categorized in group 3, in
general, the degree of expression is quite similar. In this regard,
the level of CFTR transcripts in HFL1 and WI-26VA4
fibroblasts, U-937 and K-562 cells derived from bone marrow
precursors, and primary cells such as blood T-lymphocytes,
neutrophils and monocytes, and alveolar macrophages are all
within a 10-fold range. Interestingly, CFTR mRNA transcript
levels in non-epithelial cells are within the same range as that
in some epithelial cell lines categorized in group 2 such as HS-24
and HeLa. Similarly, we have observed that transformed
epithelial cell lines from normal and individuals with CF express
the CFTR gene at transcript levels below detection by Northern
analysis (unpublished data). Consistent with the similarities of
CFTR gene mRNA transcript levels in group 3 non-epithelial
cells and group 2 epithelial cells, the rate of CFTR gene

transcription analyzed by the nuclear transcription run-on assay
is also quite similar. In this regard, while T84 and HT-29 cells
(which contain the highest levels of CFTR transcripts known)
have much more active transcription of the CFTR gene than all
other cells examined, HS-24 and HeLa cells show rates of
transcription similar to the non-epithelial cells including HFL1,
WI-26VA4 and U-937.

Quantitative analyses of the level of CFTR mRNA transcripts
demonstrated that T84 and HT-29 cells contain, in general,
several hundred-fold more CFTR transcripts than non-epithelial
cells in group 3. The number of CFTR transcript copies in such
colon carcinoma cells are approximately 20 per cell (unpublished
data). Thus, we can estimate CFTR mRNA transcript numbers
in individual groups as follows: group 1, 20 copies/cell; group
2, an average of 0.2 copies/cell; group 3, 0.02 to 0.2 copies/cell;
and group 4, no copies/cell.

Similar quantitative analysis of CFTR gene expression in
normal human airway epithelium reveals CFTR mRNA levels
are actually very low, averaging 1-2 copies/cell in nasal, tracheal
and bronchial epithelia (16). Although the direct comparison in
CFTR mRNA transcript level between these primary bronchial
epithelial cells and other cell types are difficult because the
numbers of available bronchial epithelial cells recovered by
brushing through a fiberoptic bronchoscope are very limited, the
relative abundance of CFTR transcripts in primary airway
epithelia are likely within the range of group 2 transformed or
tumor epithelial cells.

Although the estimated level of CFTR gene expression in non-
epithelial cells is less than one mRNA transcript per cell, there
are several reasons to believe such a low level of CFTR
transcripts might be physiologically relevant. First, there are
examples of other genes whose physiologic function can be
achieved in the condition that the cellular mRNA copy number
is very much less than 1 transcript per cell. For example, in
mature blood neutrophils, elastase is very abundant and plays
a critical role in health and disease. However, neutrophils do
not contain detectable levels of elastase mRNA nor transcribe
the gene (41,42). In this case, the neutrophil elastase gene is
expressed only in promyelocytes within the bone marrow, but
not in mature blood neutrophils. Second, if only some of the cells
in the population are expressing the CFTR gene at any time and
others are not, for a gene that is normally expressed at very low
levels (like CFTR), the average copy number could be less than
1 per cell, or even far less than 1 per cell. For example,
expression of CFTR may be intermittent, perhaps related to the
cell cycle (22). Third, CFTR gene expression may be related
to the state of differentiation of the cell, even among a population
of cells with an apparent similar phenotype. Fourth, the CFTR
gene might be 'turned off, requiring a stimulus for its expression,
and its expression in any given cell in a population might have
to be induced. Finally, the potential physiologic relevance of
CFTR gene expression in non-epithelial cells is supported by the
observations that the physiologic function of CFTR (cAMP
regulated Cl- channel activity) has been demonstrated in
fibroblasts (20,43), T- and B-lymphocytes (21,21).

In the context of above discussion, it is reasonable to accept
the potential physiologic relevance of less than 1 CFTR mRNA
copy per cell. It is important, however, to prove that the detection
of CFTR transcripts in epithelial cells other than colon carcinoma
cells and non-epithelial cells is not an artifact of the sensitivity
of the methodology employed in the present study. In this regard,
the observed PCR amplification products did not originate from



5422 Nucleic Acids Research, Vol. 19, No. 19

contaminating DNA (such as genomic DNA or plasmid
containing CFTR cDNA), but from CFTR mRNA transcripts
(after conversion to cDNA) because the negative PCR controls
did not show amplification signal [all PCR reagents (except
template cDNA) were pretreated by short wavelength UV
irradiation to exclude amplification of any possible DNA
contamination (16,44)]. Further, under the conditions of PCR
amplification utilized in this study, 'illegitimate transcription'
(transcription of any gene in any cell type), described by Chelly
et al. (45), was not observed. This was demonstrated using HL-60
promyelocytic leukemia cells which did not show CFTR mRNA
transcripts despite efforts to do so including amplification of 3
separate regions of CFTR transcripts.
These observations of widespread distribution of CFTR gene

expression have several important implications. First, the
available evidence suggests the CFTR protein may be a
regulatable Cl- channel (11,12). Consistent with the structural
and functional characteristics of the promoter of the CFTR gene
as a housekeeping gene (13,23), it is conceivable that the CFTR
protein may function in most human cells to maintain cellular
anion secretory properties. However, since the pathophysiology
of cystic fibrosis is largely confined to epithelia, the CFTR protein
is probably not an absolute prerequisite for the well-being of
individual cells, but may be for the overall function of specific
organs. In this regard, although mutations of the CFTR gene have
profound consequences for organs such as the lung or pancreas,
expression of the CFTR gene in epithelial cells is not required
to sustain life, or even to maintain the viability of the cells that
express the mutated gene (2-10,46-52). Consistent with this
concept, it is known that epithelial cells expressing the CFTR
gene have multiple mechanisms regulating Cl- secretion
(5-10,53), suggesting the CFTR gene product may be only part
of the mechanism for maintaining the intracellular, or
extracellular electrolyte milieu, and/or the electrolyte milieu
within intracellular organelles such as those involved in mucus
secretion (54-56).

Second, there is clear evidence that the transferred CFTR gene
product can function in cells of non-epithelial origin with the same
anion transport features and regulatory properties as in epithelial
cells (11,12,57). In this context, transfer of the CFTR gene to
NIH/3T3 mouse fibroblasts (a cell line with no detectable cAMP-
regulated chloride channels) provides the 3T3 cells with cAMP-
regulatable Cl- channels (11), a characteristic of epithelial cells
expressing CFTR (6-10). Further, concordant with the
observations that non-epithelial cells such as lymphocytes and
fibroblasts contain CFTR mRNA transcripts, normal T-
lymphocytes, and B- and T-lymphocyte cell lines exhibit cell
cycle-dependent expression (mostly during the GI phase) of
cAMP-regulatable Cl- permeability as discussed above, while
lymphocytes from CF individuals lack this cell cycle-dependent
Cl- permeability and second messenger regulation (21,22).
Moreover, phosphorylation-activated Cl- channels (a
characteristic of a normal CFTR gene product) have also been
found in normal human fibroblasts, but are defective in fibroblasts
derived from individuals with CF (20,43), further implying that
the CFTR gene product may play a physiologic role in such non-
epithelial cells as well as in epithelial cells.

Third, although a variety of non-epithelial cells such as
fibroblasts and U-937 cells transcribe the CFTR gene and contain
its mRNA transcripts, the activity of gene transcription is lower
than that of colon carcinoma cells. Consistent with the difference
in CFTR gene transcription level between these two cell groups,

HT-29 cells demonstrated several DNase I hypersensitivity sites
in the 5' flanking region of the CFTR gene while HFL1
fibroblasts did not, suggesting that these sites may be related to
more active transcription of the gene in these colon carcinoma
cells than in fibroblasts, and also potentially different regulation
of CFTR gene expression in these two cell types.

Fourth, blood T-lymphocytes from individuals with CF may
be suitable non-transformed human target cells to test in vitro
the feasibility of direct gene therapy for CF. Because of their
easy accessibility and ability to be maintained in vitro without
need for modification, T-lymphocytes provide an opportunity to
evaluate the expression of the transferred normal CFTR gene
and its protein product while maintaining expression of the
endogenous defective CFTR gene at levels similar to that in vivo.

Finally, the fact that the CFTR gene is widely expressed in
cells of non-epithelial origin, and the CFTR gene product can
function in such cells as a regulatable Cl- channel, will have
to be considered in developing strategies for gene therapy for
cystic fibrosis. Since the lethal manifestations of CF originate
primarily on the respiratory epithelial surface, the respiratory
epithelium should be the primary target for gene therapy of CF,
i.e., the recombinant normal CFTR gene should be transferred
to airway epithelial cells. However, in the context that other
normal lung cells express the CFTR gene, including fibroblasts,
T-lymphocytes and alveolar macrophages, inadvertent transfer
of the CFTR gene to those cells will have to be monitored for
consequences that conceivably would alter the function of the
cells, or the overall electrolyte milieu of the organ.

ACKNOWLEDGEMENTS
We would like to thank Theresa Raymer for excellent assistance
in preparing the manuscript. This work was supported in part
by The American Cystic Fibrosis Foundation and l'Association
Francaise de Lutte contre la Mucoviscidose.

REFERENCES
1. Boat, T.F., Welsh, M.J., and Beaudet, A.L. (1989) In Scriver, C.R., Beaudet,

A.L., Sly, W.S., and Valle, D. (ed.), The Metabolic Basis of Inherited
Diseases (6th ed.)-Cystic Fibrosis, McGraw-Hill, New York, pp.
2649-2680.

2. Rommens, J.M., Iannuzzi, M.C., Kerem, B.-S., Drumm, M.L., Melmer,
G., Dean, M., Rozmahel, R., Cole, J.L., Kennedy, D., Hidaka, N., Zsiga,
M., Buchwald, M., Riordan, J.R., Tsui, L.-C., and Collins, F.S. (1989)
Science, 245, 1059-1065.

3. Riordan, J.R., Rommens, J.M., Kerem, B.-S., Alon, N., Rozmahel, R.,
Grzelczak, Z., Zielenski, J., Lok, S., Plavsic, N., Chou, J.-L., Drumm,
M.L., Iannuzzi, M.C., Collins, F.S., and Tsui, L.-C. (1989) Science, 245,
1066-1073.

4. Knowles, M.R., Stutts, M.J., Spock, A., Fischer, N., Gatzy, J.T., and
Boucher, R.C. (1983) Science, 221, 1067-1070.

5. Welsh, M.J., and Liedtke, C.M. (1986) Nature, 322, 467-470.
6. Widdicombe, J.H. (1986) Am. J. Physiol., 251, R818-R822.
7. Frizzell, R.A., Rechkemmer, G., and Shoemaker, R.L. (1986) Science, 233,

558-560.
8. Li, M., McCann, J.D., Liedtke, C.M., Nairn, A.C., Greengard, P., and

Welsh, M.J. (1988) Nature, 331, 358-360.
9. Li, M., McCann, J.D., Anderson, M.P., Clancy, J.P., Liedtke, C.M., Naim,

A.C., Greengard, P., and Welsh, M.J. (1989) Science, 244, 1353-1356.
10. Hwang, T.-C., Lu, L., Zeitlin, P.L., Gruenert, D.C., Huganir, R., and

Guggino, W.B. (1989) Science, 244, 1351-1353.
11. Anderson, M.P., Rich, D.P., Gregory, R.J., Smith, A.E., and Welsh, M.J.

(1991) Science, 251, 679-682.
12. Kartner, N., Hanrahan, J.W., Jensen, T.J., Naismith, A.L., Sun S., Ackerley,

C.A., Reyes, E.F., Tsui, L.-C., Rommens, J.M., Bear, C.E., and Riordan,
J.R. (1991) Cell, 64, 681 -691.



Nucleic Acids Research, Vol. 19, No. 19 5423

13. Yoshimura, K., Nakamura, H., Trapnell, B.C., Dalemans, W., Pavirani,
A., Lecocq, J.-P., and Crystal, R.G. (1991) J. Biol. Chem., 266,
9140-9144.

14. Trapnell, B.C., Zeitlin, P.L., Chu, C.-S., Yoshimura, K., Nakamura, H.,
Guggino, W.B., Bargon, J., Banks, T.C., Dalemans, W., Pavirani, A.,
Lecocq, J.-P., and Crystal, R.G. (1991) J. Biol. Chem., 266, 10319-10323.

15. Schoumacher, R.A., Ram, J., lannuzzi, M.C., Bradbury, N.A., Wallace,
R.W., Hon, C.T., Kelly, D.R., Schmid, S.M., Gelder, F.B., Rado, T.A.,
and Frizzell, R.A. (1990) Proc. Natl. Acad. Sci., U.S.A., 87, 4012-4016.

16. Trapnell, B.C., Chu, C.-S., Paakko, P.K., Banks, T.C., Yoshimura, K.,
Ferrans, V.J., Chernick M.S., and Crystal, R.G. (1991) Proc. Natl. Acad.
Sci., U.S.A., 88, 6565-6569.

17. Chu, C.-S., Trapnell, B.C., Murtagh, J.J.Jr, Moss, J., Dalemans, W., Jallat,
S., Mercenier, A., Pavirani, A., Lecocq, J.-P., Cutting, G.R., Guggino,
W.B., Crystal, R.G. (1991) EMBO J., 10, 1355-1363.

18. Ward, C.L., Kopito, R.R., and Wine, J.J. (1990) Ped. Pulmonol. Suppl.,
5, 215.

19. Chalkley, G., Roberts, R., and Harris, A. Late-breaking Science, poster
12A, 1990 North American Cystic Fibrosis Conference, Arlington, VA,
October 3-6, 1990.

20. Lin, P., and Gruenstein, E. (1987) J. Bio. Chem., 262, 15345-15347.
21. Chen, J.Y., Schulman, H., and Gardner, P. (1989) Science, 243, 657-660.
22. Bubien, J.K., Kirk, K.L., Rado, T.A., and Frizzell, R.A. (1990) Science,

248, 1416-1419.
23. Dynan, W.S. (1986) Trends Genet., 2, 196-197.
24. Boyum, A. (1976) Scand. J. Immunol., 5, 9-15.
25. Saltini, C., Hance, A.J., Ferrans, V.J., Basset, P., Bitterman, P.B., and

Crystal, R.G. (1984) Am. Rev. Respir. Dis., 130, 650-658.
26. Appelhans, B., Ender, B., Sachse, G., Nikiforov, T., Appelhans, H., and

Ebert, W. (1987) FEBS Lent., 224, 14-18.
27. Ausubel, F.M., Brent, R., Kingston, R.E., Moore, O.D., Smith, J.A.,

Seidman, J.G., and Struhl, K. (1987) Current Protocols in Molecular Biology.
John Wiley, New York.

28. Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn,
G.T., Mullis, K.B., and Erlich, H.A. (1988) Science, 239, 487-491.

29. Southern, E.M. (1975) J. Mol. Biol., 98, 503-517.
30. Chirgwin, J.M., Przybyla, A.E., MacDonald, R.J., and Rutter, W.J. (1978)

Biochemistry, 18, 5294-5299.
31. Roth, M.J., Tanase, N., and Goff, S.P. (1985) J. Biol. Chem., 260,

9326-9335.
32. Gunning, P., Ponte, P., Okayama, H., Engel, J., Blau, H., and Kedes, L.

(1983) Mol. Cell. Biol., 3, 787-795.
33. Feinberg, A.P., and Vogelstein, B. (1983) Anal. Biochem., 132, 6-13.
34. Church, G.M., and Gilbert, W. (1984) Proc. Natl. Acad. Sci., U.S.A., 81,

1991-1995.
35. Greenberg, M.E., and Ziff, E.B. (1984) Nature, 311, 433-438.
36. Cohen, R.B., Boal, T.R., and Safer, B. (1990) EMBO J., 9, 3831-3837.
37. Chomczynski, P., and Sacchi, N. (1987) Anal. Biochem., 162, 156-159.
38. Weintraub, H., and Groudine, M. (1976) Science, 193, 848-856.
39. Sheffery, M., Marks, P.A., and Rifkind, R.A. (1984) J. Mol. Biol., 172,

417-436.
40. Sood, R., Auerbach, W., Shannon, W., and Buchwald, M. (1990) Ped.

Pulmonol. Suppl., 5, 194.
41. Takahashi, H., Nukiwa, T., Basset, P., and Crystal, R.G. (1988) J. Biol.

Chem., 263, 2543-2547.
42. Fouret, P., du Bois, R.M., Bernaudin, J.-F., Takahashi, H., Ferrans, V.J.,

and Crystal, R.G. (1989) J. Exp. Med., 169, 833-845.
43. Bear, C.E. (1988) FEBS Lent., 237, 145-149.
44. Sarker, G., and Sommer, S.S. (1990) Nature, 347, 27.
45. Chelly, J., Concordet, J.-P., Kaplan, J.-C., Kahn, A. (1989) Proc. Natl.

Acad. Sci. U. S.A., 86, 2617-2621.
46. Kerem, B.-S., Rommens, J.M., Buchanan, J.A., Markiewicz, D., Cox, T.K.,

Chakravarti, A., Buchwald, M., and Tsui, L.-C. (1989) Science, 245,
1073-1080.

47. White, M.B., Amos, J., Hsu, J.M.C., Gerrard, B., Finn, P., and Dean,
M. (1990) Nature, 344, 665-667.

48. Dean, M., White, M.B., Amos, J., Gerrard, B., Stewart, C., Khaw, K.-
T., and Leppert, M. (1990) Cell, 61, 863-870.

49. Cutting, G.R., Kasch, L.M., Rosenstein, B.J., Zielenski, J., Tsui, L.-C.,
Antonarakis, S.E., and Kazazian, H.H.Jr. (1990) Nature, 346, 366-369.

50. Kerem, E., Corey, M., Kerem, B.-S., Rommens, J., Markiewicz, D.,
Levison, H., Tsui, L.-C., and Durie, P. (1990) N. Engl. J. Med., 323,
1517-1522.

53. Cliff, W.H., and Frizzell, R.A. (1990) Proc. Natl. Acad. Sci., U.S.A., 87,
4956-4960.

54. al-Awqati, Q., Barasch, J., and Landry, D.W. (1989) Soc. Gen. Physiol.
Ser., 44, 283-294.

55. Quinton, P.M. (1990) FASEB J., 4, 2709-2717.
56. Welsh, M.J. (1990) FASEB J., 4, 2718-2725.
57. Jilling, T., Cunningham, S., Barker, P.E., Green, M.W., Frizzell, R.A.,

and Kirk, K.L. (1990) Am. J. PhysioL, 259, CIOIO-CIO15.

51. Cutting, G.R., Kasch, L.M., Rosenstein, B.J., Tsui, L.-C., Kazazian,
H.H.Jr., and Antonarakis, S.E. (1990) N. Engl.J. Med., 323, 1685-1689.

52. Davies, K. (1990) Nature, 348, 110-111.


