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A 2,908-bp segment of genomic DNA containing exon 10 and flanking intron regions of the human cystic
fibrosis transmembrane conductance regulator gene was sequenced. A 30-bp sequence discrepancy and three
missing nucleotides were detected when compared to a previously published 831-bp sequence. In the 30-bp
region of sequence discrepancy, only a primer based on the new sequence information presented in this study
gave products from polymerase chain reaction amplification of cellular DNA and a plasmid DNA encompassing
the exon 10 region of CFTR. A 4-bp (TAAA) simple repeat sequence was also identified in intron 9 region. This
repeat is dimorphic with nine (TAAA)9 or eleven (TAAA)11 copies on different chromosomes. Eleven repeats
were exclusively associated with chromosomes carrying thedF508 mutation. Both 9 and 11 repeats were
detected in non-dF508 chromosomes. © 1996 Academic Press, Inc.

Cystic fibrosis (CF) is a severe autosomal recessive disorder affecting approximately 1 in 2500
live births in the Caucasian population (1). The gene responsible for CF, the cystic fibrosis
transmembrane conductance regulator (CFTR), was recently identified (2,3,4). Genomic sequences
of exons and adjacent introns of CFTR have been subsequently determined (5). This information
has greatly facilitated mutation detection following polymerase chain reaction (PCR) amplification
of individual CFTR exons (5). In addition, the availability of the CFTR gene has made it possible
to design gene therapy strategies for CF. The exon 10 region of the CFTR gene contains many
clinically important mutations (6) and it is important to have correct DNA sequence information to
maintain the integrity of mutation detection and for development of gene therapy strategies.
Enhancement of mutation analysis can be facilitated by identification of polymorphisms asso-

ciated with specific mutations. A simple repeat sequence (TAAA) has been previously identified
and linked to specific genes (7,8,9). Although this repeat is polymorphic when comparing different
genes, polymorphisms between different alleles of the same gene have not been described.
Attempts to amplify DNA comprising exon 10 and adjacent introns by PCR with a primer based

on the 59 end of the published sequence data (5) were unsuccessful using either a cloned DNA
fragment found in plasmid T6/20 (3,4) or human cellular DNA. Plasmid T6/20 was previously
isolated from a cDNA library. Although the sequence flanking exon 10 has not been previously
verified, it has been assumed that the flanking regions were segments of CFTR introns 9 and 10.
This study reports the complete DNA sequence (2908-bp) of theEcoRI insert from plasmid

T6/20 DNA which is identical to the human genomic DNA segment encompassing this region. A
30-bp sequence discrepancy and three missing nucleotides were detected when sequence informa-
tion generated in this study was compared to the published sequence. A 4-bp (TAAA) simple repeat
sequence was also detected in intron 9 region, which was polymorphic ondF508 or non-dF508
chromosomes.
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MATERIALS AND METHODS

Cell and Nucleic Acid Isolation

The T6/20 plasmid was obtained from American Type Cell Culture (Rockville, MD). The plasmid DNA was prepared
by the standard CsCl ultracentrifugation and characterized by restriction enzyme digestion (10).
The 16HBE14o− is a wild-type human bronchial epithelial cell line (11) andsCFTE29o− is a human trachea epithelial

cell line homozygous for thedF508 mutation (12). Both cell lines are transformed by an origin of replication defective
SV40 containing plasmid. Cells were grown in Eagle’s minimal essential medium (MEM) supplemented with 10% fetal
bovine serum and antibiotics at 37°C under an atmosphere 5% in CO2. Genomic DNA was isolated from cell cultures using
a salting-out procedure as described (13).

Polymerase Chain Reaction

PCR was carried out in 50ml volumes containing 0.1mg human DNA/or 1 ng of plasmid DNA, 10 mM Tris-HCl, pH
8.4, 500 mM KCl, 2 mM MgCl2, 0.001% (w/v) gelatin, 20 pmole of each primer, and 1 unit ofAmpliTaqDNA polymerase
(Perkin-Elmer). After denaturation at 94°C for 5 min, PCR was performed for 30 cycles of 94°C/30 sec, denaturation;
69°C/30 sec, annealing; and 72°C/30 sec-2 min, extension; followed by a final extension at 72°C for 5 min. Negative
controls without addition of DNA templates were included in parallel during PCR experiments to ensure there was no
exogenous contamination. PCR products were analyzed on 1% agarose gels stained with ethidium bromide.

DNA Sequence Analysis

The entire sequence of theEcoRICFTR insert in the plasmid T6/20 was determined using Prism DyeDeoxy Terminator
Cycle Sequencing kit (Perking-Elmer, Norwalk, CT). Sequencing reactions were prepared according to manufacturer’s
instructions except that an annealing temperature of 62°C was used. The dye labeled sequencing reactions were purified by
passage through Centri-sep columns (Princeton Separations, Adelphia, NJ), and analyzed by electrophoresis using Applied
Biosystems Model 373A automated DNA sequencer on 6% polyacrylamide denaturing gels.
Three overlapping genomic segments were amplified from the 16HBE14o− DNA by PCR using primers CF46/CF37

(617-bp), CF33/CF48 (1436-bp), and CF34/CF36 (2436-bp), respectively. PCR products were separated on 1% SeaPlaque
GTG low melting point agarose gels (FMC, Rockland, ME) in 1X TAE buffer and the corresponding bands were excised
and purified by GeneClean II kit (Bio101, Vista, CA). The purified genomic segments were then directly sequenced using
g-32P-ATP end labeled primers and Sequenase version 2 (USB, Cleveland, OH).

RESULTS

PCR amplification of genomic CFTR DNA fragments comprising exon 10 and adjacent intron
sequences employed oligonucleotide primers based on the 831-bp sequence published previously
(5). One primer, CF2, was derived from 59 end of the published sequence (Table 1). This primer,
in conjunction with other downstream primers, failed to generate detectable PCR products from
either genomic or T6/20 plasmid DNA after a thorough testing for optimal PCR conditions.
Plasmid T6/20 was originally constructed from a cDNA library (3,4) and was thought to contain
the CFTR gene exon 10 flanked by intron 9 and intron 10 sequences. To elucidate potential
sequence discrepancies, the T6/20 plasmid and genomic DNA segments were sequenced directly
from PCR amplification products.
DNA sequencing reactions were initially performed with primers based on the exon 10 region

and M13 sequences in the cloning site of the plasmid. Additional primers based on newly generated
sequences were synthesized for further sequencing reactions (Table 1). The relative position and
orientation of the primers are shown in Fig. 1. To ensure the accuracy of the nucleotide sequence,
both strands of the insert were sequenced. The overlapping sequence alignments were analyzed
using the Gene Works software (Inteligenetics, Inc., Mountain View, CA).
The complete 2908-bp sequence of theEco RIDNA insert in plasmid T6/20 is presented in Fig.

2. The data includes the previously published 831-bp sequence (5). When the sequence data were
aligned and compared, a 30-bp nucleotide (nt) sequence discrepancy (nt 757-786) was detected at
the 59 end of the published sequence. In addition, three bases at nt position 818, 1548, and 1578,
respectively, were found absent in the published sequence.
To verify that the sequence of the CFTR insert in plasmid T6/20 was in fact, genomic in origin,
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DNA from a human bronchial epithelial cell line, 16HBE14o− (11) was sequenced directly from
PCR amplification products. Three overlapping genomic segments of DNA of 617-bp, 1,436-bp,
and 2,436-bp in size, were sequenced. Manual sequence analysis showed that the genomic se-
quence is identical to that of the plasmid T6/20 insert (Fig. 2). The last 30-bp from the 59 end of
the published sequence (nt 757-786 in Fig. 2) was also not present in the genomic DNA.
PCR was performed with primers based on the DNA sequence generated in this study. Primer

CF39 was used to replace primer CF2 (Table 1). The expected 485-bp fragment was observed using
primer CF39 and C16D in samples from 16HBE14o−, SCFTE29o−, and the plasmid T6/20 (Fig.
3).Similarly, amplification with primers CF40/CF41, localized outside previously published se-
quence, gave the expected 1057-bp fragment from the three DNA samples (Fig. 3). The identity of
the PCR products was further verified by membrane transfer and hybridization with an internal
oligonucleotide, C16B, which is localized in exon 10 of the CFTR gene (data not shown).
Upon inspection of the intron regions, a 4-bp (TAAA)n tandem sequence repeat was detected in

intron 9 from nt 155-190 (908-bp upstream from exon 10) (Fig. 2). This repeat contained 9 or 11
copies upon screening with two flanking primers, CF42 and CF43 (Table 1). Initial analysis (Table
2) showed that 11 repeats (TAAA)11 were linked todF508 chromosomes from homozygous

TABLE 1
Oligonucleotides Used for Sequencing and Amplification by PCR

CF2(+) ACTGTAGCTGTACTACCTTCCATC
CF32(−) GACAATTACAATACAGTGTGACAAG
CF33(+) GGGTTCATTTGATCACAATAAATGC
CF34(+) CAGCTTTTCTTAATAAAGCAATCAG
CF35(+) TGCAATTCTTTGATGCAGAGGCAA
CF36(−) AGAATGAGAGACCCACAGTACTAAA
CF37(−) ATTCAGGTAATATTGTTCCCATGAG
CF38(+) TATTGACAGTATACTCCAAATAGTG
CF39(+) TAACCTTTCCCATTCTTCCTCCA
CF40(+) TCTACTTTGTAGGATTTCTGTGAAG
CF41(−) ATTCTCTGCTGGCAGATCAATGC
CF42(+) TGACAGAGTGAGACTCTGTCTC
CF43(−) AGCAGAGGAAGAAAAAGCACTGAT
CF46(+) GAATTCCAGCCAGACGTGATGG
CF48(−) GAATTCCCTCTTCTCCTTTTTTCA
CF49(+) ATGGTGGTTTGATTTCCTCAAGTC
C16B(+) GTTTTCCTGGATTATGCCTGGCAC
C16D(−) GTTGGCATGCTTTGATGACGCTTC

Note: All oligonucleotides are presented from 59 → 39. Primers
C16B and C16D have been previously described (2). Primers were
synthesized and redissolved in double deionized H2O without fur-
ther purification. (+)4 sense primers; (−)4 antisense primers.

FIG. 1. Schematic diagram of primer locations for PCR amplification and sequencing reaction. Vertical lines represent
the region of published DNA sequence (not to scale).
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patients (n4 20). Of 10 samples with onedF508 and one non-dF508 chromosome, 12 chromo-
somes were associated with 11-repeats and 8 chromosomes with 9-repeats. Analysis of 15 non-
dF508 DNA samples revealed that 9 chromosomes were linked with 11-repeats and another 21
chromosomes were associated with 9-repeats (Table 2).

DISCUSSION

Genomic CFTR sequences of exons and flanking introns were previously reported (5) and have
been extensively used for mutation detection and prenatal diagnosis. In the present study, the

FIG. 2. Nucleotide sequence spanning exon 10 and adjacent intron regions of the human CFTR gene. The capital letters
are the sequence data generated from this study. Lowercase letters and dots represent the published data (5). The (TAAA)n

repeat is underlined from nucleotide (nt) 155–190. The 30-bp sequence discrepancy is indicated by underlined lowercase
letters (nt 757–786) at the 59 end of the published data. Single nt deletions (nt 818, 1548, 1578, respectively) are indicated
by dashes. The region from nt 841–1541 (//) is not included since it is identical to data already published. The GenBank
Accession # is L49160.
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known genomic human CFTR sequence, comprising exon 10 and adjacent introns, was expanded
from 831-bp to 2908-bp. By sequencing plasmid T6/20 and genomic DNA, plasmid T6/20 was
verified to contain a genomic CFTR insert.
The new sequence revealed a region containing a 30-bp sequence discrepancy as well as 3 single

nucleotide deletions when compared to the previously reported sequence. The cause of these
sequence variations in the earlier report are not known, but it is possible that they could be the result
of base compression or other complications often associated with sequencing reactions.
The 4-bp sequence repeats (TAAA)n detected in intron 9 represent a microsatellite unit not

previously reported in the CFTR gene. Several other simple repeat sequences have been described
to be polymorphic in this gene (5). The most common simple repeat sequences are dinucleotides,
such as (CA/TG)n and (TA)n. These dinucleotide repeats were reported to be highly polymorphic
for carrier detection and prenatal diagnosis of CF (14,15,16). In addition, a GATT tandem repeat
was found to exist in dimorphic forms of either 6 or 7 units, with 6 repeats, (GATT)6, always linked
with the dF508 mutation (17).
The (TAAA)n repeats detected in this study appear to be dimorphic, either 9 repeats (TAAA)9

or 11 repeats (TAAA)11. Initial PCR screening showed that the (TAAA)11 repeat was linked to
DF508 chromosomes tested (n4 30) (Table 2). Of the 40 non-DF508 chromosomes, (TAAA)11
was detected in 11 (2 + 9) chromosomes, and (TAAA)9 was detected in 29 (8 + 21) chromosomes.
Further studies are required to determine whether or not the (TAAA)9 repeat is exclusively

associated with the wild-type CFTR gene or if the (TAAA)11 repeat is only linked to chromosomes
with CFTR mutations. The TAAA repeats have been reported in other genes, such as annexin III
gene (7), the adenosine deaminase gene (8,9), andAlu repetitive elements (8). However, the repeats
are polymorphic between genes, and have not been associated with specific mutations. While the
functional role of the repeat elements remains to be defined for CFTR, the polymorphisms of
TAAA units may be useful in genotying and characterizing the evolution of thedF508 mutation.

TABLE 2
Polymorphic Analysis of TAAA Repeats in CFTR Gene

DNA Sample Chromosome Genotype fordF508
Number Copy Number Mutationa (TAAA) 11 (TAAA) 9

10 20 DF508/DF508 20 0
10 20 DF508/Non-DF508 10/2b 8
15 30 Non-DF508/Non-DF508 9 21

Note: aGenotypic status was determined for the presence of theDF508 mutation while
mutational status for non-DF508 chromosomes was unknown.b Ten were detected from
DF508 chromosomes and two from non-DF508 chromosomes.

FIG. 3. PCR analysis of DNA fragments generated from the CFTR gene exon 10 and adjacent introns. PCR primers used
in each sample are indicated on the top. Lanes 1,4,7, plasmid T6/20; lanes 2,5,8, normal human bronchial epithelia cell
16HBE14o− DNA; lanes 3,7,9, human trachea epithelia cell with homozygousdF508 mutationsCFTE29o− DNA. M, 123
bp molecular weight ladders. No PCR products are produced with primers CF2 and C16D as shown in lanes 1–3. The
expected PCR fragment sizes in bp are indicated on the right.
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