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Recently, DNA rearrangements in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene
have been described with increasing frequency.
These large DNA rearrangements are not detected us-
ing conventional methods of DNA sequencing, single-
strand conformational polymorphism, or denaturing
high-performance liquid chromatography. We and
others have described methods to detect such rear-
rangements in the CFTR gene. With one exception, all
rearrangements reported thus far are single or multi-
ple exon deletions, whereas only one report has de-
scribed a large duplication. We describe here the de-
tection and characterization of a novel large
duplication in the CFTR gene. This duplication, re-
ferred to as gIVS6a � 415_IVS10 � 2987Dup26817bp,
was detected in a classic CF female patient whose
other mutation was �F508. The duplication was in-
herited paternally. The duplication encompassed ex-
ons 6b to 10 and occurred on the IVS8-11TG/IVS8-7T/
G1540 haplotype. This large duplication is predicted
to result in the production of a truncated CFTR pro-
tein lacking the terminal part of NBD1 domain and
beyond and thus can be considered a null allele. The
combination of the �F508 and gIVS6a � 415_IVS10 �
2987Dup26817bp mutation probably causes the se-
vere CF phenotype in this patient. We designed a
simple polymerase chain reaction test to detect the
duplication, and we further detected the same dupli-
cation from another independent laboratory. The du-
plication breakpoint is identical in all three patients,
suggesting a likely founder mutation. (J Mol Diagn

2007, 9:556–560; DOI: 10.2353/jmoldx.2007.060141)

Cystic fibrosis (CF) is an autosomal recessive disease with
an incidence of approximately 1 in 2000 to 4000 Cauca-
sians with European ancestry, including Ashkenazi Jews.1

Classic CF is characterized by an elevated sweat chloride
test, chronic obstructive pulmonary disease, pancre-
atic exocrine deficiency with malabsorption and mal-
nutrition, and congenital bilateral absence of the vas
deferens (CBAVD) leading to male infertility.1 The ma-
jority of mutations in the CFTR gene reported in the
CFTR mutation database (http://www.genet.sickkids.
on.ca/cftr/Home.html) are single nucleotide polymor-
phisms and small bp insertions or deletions (in/dels).
The most common mutation in Caucasians, accounting
for up to 70% of mutated alleles, is a 3-bp deletion in
exon 10 known as �F508.

The preponderance of these single nucleotide poly-
morphisms and small in/dels type of mutations could be
a result of their actual frequency in CF patients. On the
other hand, it could be a reflection of the limitations of
current detection methodologies for identifying novel CF
mutations. DNA sequencing, the primary method used
for mutation identification, single-strand conformational
polymorphism, or denaturing high-performance liquid
chromatography does not detect large DNA rearrange-
ments. Using an in-house-developed semiquantitative
fluorescent polymerase chain reaction (PCR) assay, we
discovered 10 cases of large exonic deletions in patients
with CF for whom DNA sequencing failed to identify a
second mutated allele.2,3 Others using similar methods
identified large DNA rearrangements in the CFTR gene as
well.4,5 We also identified a deletion in a CBAVD patient.6

The availability of easier screening methods for these
types of mutations might shed more light on the fre-
quency and type of these kinds of mutations.
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Most large DNA rearrangements identified thus far
are large deletions encompassing one or more ex-
ons.4,5,7–14 Few duplications have been identified thus
far, with one being fully reported, a duplication of ex-
ons 4 to 8 in a classic CF patient from France,5 but the
duplication breakpoint for that mutation was not iden-
tified. This report describes the detection of a novel
large duplication in the CFTR gene. This duplication
encompasses exons 6b to 10 and was detected in the
paternal DNA as well. In addition, we describe the full
identification of the breakpoint of the duplication and
the characterization of its haplotype and devise a sim-
ple PCR test for its detection.

Materials and Methods

Case Description

The patient is a 19-year-old Caucasian female with a
diagnosis of classic CF. She was born with meconium
ileus and has an elevated sweat chloride test result of 110
mmol/L, pulmonary disease, and liver cirrhosis. She had
a similarly affected sister who is deceased. Previous
testing had revealed the heterozygous presence of
�F508 that was maternally inherited. A sample was sub-
mitted for extensive sequencing in an attempt to discover
the second mutation responsible for her disease. DNA
sequencing analysis failed to identify the second muta-
tion. After consent was provided from the ordering phy-
sician, we analyzed the sample for rearrangements. This
resulted in the identification of a duplication of exons 6b
to 10 in this patient. After identification of the duplication
in the proband, her father provided DNA for confirmatory
testing. The mutation was deposited in the CFTR mutat-
ion database (http://www.genet.sickkids.on.ca/cftr/Home.
html).

The initial preliminary report of this duplication oc-
curred at the annual meeting of the Cystic Fibrosis Foun-
dation in 2005 (Hantash et al, Abstracts Ann Mtg,
NACFC, 2005). Subsequently, at the annual meeting of
the American College of Medical Genetics (ACMG 2006),
a presentation from another laboratory (Ambry Genetics)
described the identification of additional patient speci-
mens that apparently had a duplication of exons 6b to 10
detected by a commercially available multiplex ligation
probe amplification kit. Collaboration with the two labora-
tories resulted in the testing of these unrelated patients in
our laboratory. Sample 1 was from a Caucasian patient
with a high sweat chloride test (101 mmol/L performed
twice) with Pseudomonas infection and pancreatic insuf-
ficiency. DNA sample 2 was from a blood spot from a
newborn with elevated sweat chloride (112 and 84 mmol/
L). Both patients harbored �F508. A third patient, 11
months old with Caucasian/Hispanic ethnicity, also har-
bored a duplication of exons 6b to 10 and R553X. The
patient failed to thrive and had high sweat chloride test
results (98 and 99 mmol/L). The DNA of that patient was
not obtained for further testing.

DNA Extraction, DNA Sequencing, and
Semiquantitative Fluorescent PCR

DNA was extracted using an automated Qiagen robotic
workstation per manufacturer’s instruction (Qiagen,
Valencia, CA). DNA sequencing was performed as
described previously.3 For DNA sequencing, the sam-
ples were analyzed on the ABI 3730 system (Applied
Biosystems, Foster City, CA), and sequences were
compared with the wild-type CFTR nucleotide se-
quence using Seqscape software (Applied Biosys-
tems). Semiquantitative fluorescent (SQF) PCR was
performed as previously described.3 In brief, a single-
tube multiplex reaction amplifies fragments represent-
ing the promoter and the 27 CFTR exons. Fragments
are separated on an ABI 3100 system (Applied Biosys-
tems), and data are analyzed using GeneMapper soft-
ware (Applied Biosystems). Primers used for amplifi-
cation of junction fragment and final sequencing were
IVS10F3 (5�-TGTAAAACGACGGCCAGTCCTCAATGG-
TTATTTATATGGCATGC-3�) and IVS6aR3 (5�-CAGGA-
AACAGCTATGACCTCACTCATATTAGTTATTCTGTAA-
CACAAAGTAAC-3�). DNA amplification was per-
formed using the Expand long-template PCR system
(Roche Applied Science, Indianapolis, IN) for amplifi-
cation of junction fragment. Primers3 at a final con-
centration of 0.2 �mol/L were included with buffer 2
(MgCl2, dNTPs, Polymerase mix, and DNA, in a total
volume of 15 �l). PCR was performed on an MJ200
cycler (Bio-Rad, Waltham, MA). The reactions were
incubated at 94°C for 2 minutes, followed by 36 cycles
of denaturing at 94°C for 45 seconds, annealing at
57°C for 70 seconds, and extension at 68°C for 3 min-
utes with an additional 5 seconds/cycle. Reactions
were then incubated at 68°C for 8 minutes, followed by
incubation at 4°C until reactions were removed from
the cyclers. A product of calculated size of 3011 was
detected and sequenced as described previously.3

The breakpoint junction was 241 bp from the 3�-end of
IVS6aR primer, which facilitated its identification.

A different gap PCR was designed for rapid analysis
of samples suspected of harboring the duplication
using primers Dup6b10upF (5�-TGTAAAACGACGGC-
CAGTCAGCATAAGATCCTGAAGGTTTG-3�) and Dup-
6b10upR (5�-CAGGAAACAGCTATGACCAACACAAA-
GTAACTAAGGCTCTGGT-3�). The amplified product
(459 bp) can be used for detecting the specific junc-
tion fragment and to perform DNA sequencing
verification.

To screen for the downstream junction fragment, a gap
PCR was designed using primers Dup6b10dnF (5�-TGT-
AAAACGACGGCCAGTTGGCAATGGGGTTGGGAAGT-
3�) and Dup6b10dnR (5�-CAGGAAACAGCTATGACCC-
TGCTCCTCACTATCACAGTCAGTGA-3�) to yield a cal-
culated product size of 586 bp. The proband and the two
samples from Ambry Genetics were screened for the
detection of the upstream and downstream junction frag-
ments as well.
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Confirmation of Deletions Using the Multiplex
Ligation Probe Amplification Kit

The presence of deletions was confirmed using a com-
mercially available multiplex ligation probe amplification
kit (MRC, Amsterdam, Holland). Samples were analyzed
per the manufacturer’s protocol.

Results

Initial DNA Sequencing Results

DNA sequencing of the promoter and the 27 CFTR exons
and flanking intronic sequences detected only the �F508
mutation. The patient was also heterozygous for M470V
(A1540G) polymorphism in exon 10 and carried the IVS8-
11TG/10TG and IVS8-7T/9T alleles. With permission of
the ordering physician, we subjected the sample to SQF
PCR analysis.

Detection of Duplication 6b-10 by SQF PCR

The test detects the presence of exon deletions and
duplications using SQF PCR of fragments representing
the promoter and all 27 CFTR exons. In this patient,
signals from exons 6b to 9 showed an increase in the
relative fluorescent units of their respective areas under
the peaks (Figure 1). A fragment that represents a region
in IVS8 upstream of exon 9 and serves as a confirmatory
fragment for exon 9 changes in copy number also
showed an increase in both the signal and area under the
peak, confirming a duplication of exon 9. For exon 10,

summing the areas under the wild-type and �F508 peaks
demonstrated that exon 10 was also duplicated. Other
fragments representing the other CFTR exons or the pro-
moter did not appear to harbor any deletions or duplica-
tions. Therefore, it seems that the duplication includes
exons 6b to 10. The duplication was confirmed using a
multiplex ligation probe amplification kit (data not shown).

Prior testing showed that the proband inherited the
�F508 mutation from her mother; therefore, we expected
that the duplication was inherited from the father. After
detecting the duplication in the proband, the father sub-
mitted a blood sample for confirmatory testing. Using
SQF PCR, we detected the same duplication in the pa-
ternal DNA, spanning the same region of exons 6b to 10.
This also verifies that the duplication occurred in trans to
the �F508 mutation in the proband. Because the �F508
mutation seems to be associated exclusively with the
IVS8-10TG/IVS8-9T/A1540 haplotype,17,18 by extrapola-
tion, the novel duplication is assumed to have occurred
on the IVS8-11TG/IVS8-7T/G1540 haplotype.

Amplification of Duplication Junction

Theoretically, such a duplication would lead to the gen-
eration of a CFTR DNA containing exon 10 followed by
exon 6b. This is demonstrated in Figure 2A. To confirm
this putative arrangement, we performed PCR using an
exon 10 forward primer and an exon 6B reverse primer19

and successfully amplified a fragment of �3.8 kb from
the patient sample DNA but not from samples not har-
boring the duplication (Figure 2B). The amplification of
this fragment provides a second confirmation for the
presence of this large duplication in the patient’s DNA.

Figure 1. Detection of duplication of exons 6b to 10 in the proband. A: DNA
sample with no exon deletions or duplications; B: probands’ DNA. A and B:
SQF PCR analysis of proband DNA for exon deletions or duplications.
Arrows in B indicated duplicated exons. The duplicated fragments included
6b, 7, 8, UpEx 9 (a fragment in IVS8 upstream of exon 9), 9, and 10. The
asterisk in the proband’s DNA indicate the detection of �F508 mutation, a
faster migrating fragment related to exon 10.

Figure 2. Detection of duplication junction fragment by PCR amplification
and DNA sequencing. A: Schematic representation of the duplicated region,
where duplicated exons are referred to with 6b�, 7�, etc. The figure also
shows the primer walking strategy (arrows) used to amplify the junction
fragment in B. B: Under PCR conditions using primers 10F and 6bR,3 a
fragment of �3.8 kb was detected from the proband (lane 1) but not from
two random DNA samples (lanes 2 and 3). When primers from 10F, 6bF,
and 6bR were mixed together in a separate PCR, conditions of the PCR
allowed the amplification only of the fragment representing exon 6b. C: A
DNA sequencing trace showing sequences of IVS10 and IVS6a at the break-
point of the duplication.
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DNA Sequencing of Junction Fragment

DNA sequencing analysis verified the presence of the
duplications as sequences from IVS10 and IVS6a were
detected. The exact breakpoint of the duplication, how-
ever, was not identified. Using the information we ob-
tained from DNA sequencing, we designed a different
PCR to amplify the junction fragment using primers closer
to the junction point based on information obtained from
sequencing the first fragment. Using this second PCR
and DNA sequencing, we were able to identify the break-
point of the duplication (Figure 2C). The fragments dupli-
cated started 415 bp downstream of exon 6a, in IVS6a,
and spanned exons 6b, 7, 8, 9, and 10, breaking at 2987
bp downstream of exon 10 in IVS10. The duplicated
region is 26,817 bp.

The duplication is predicted to cause an out-of-frame
addition of eight amino acids after codon E528 of exon
10, followed by a TGA stop codon. This would lead to the
production of a truncated CFTR protein containing only
the first transmembrane domain (TM1) and a portion of
nucleotide binding domain 1 (NBD1) and lacking the
remainder of the protein.

We attempted to identify the downstream junction frag-
ment of the duplication. Using primers that we predicted
would flank the duplication breakpoint, we were able to
identify the expected size fragment. DNA sequencing
showed that the fragment contains normal DNA se-
quence with no intervening unidentified DNA sequence.

Analysis of Samples from Ambry Genetics

We received two anonymized DNA samples from two
probands from Ambry Genetics that were genotyped by
multiplex ligation probe amplification assay as harboring
a duplication of exon 6b to 10. We examined whether the
duplications identified in the two independent probands
from Ambry Genetics harbored the same breakpoint as
the one identified in our laboratory. Using the primers
designed to amplify the junction fragment, we were able
to show that their breakpoint is identical in both our
sample and the two samples from Ambry Genetics (Fig-
ure 3). This strongly suggests that the duplication of

exons 6b to 10 is a founder duplication. We further at-
tempted to identify downstream junction fragment (Figure
3). We amplified the expected product using primers that
flank the theoretical downstream duplication breakpoint
based on sequence analysis (Figure 2). All samples
showed the same amplified product, and DNA sequenc-
ing did not identify any non-IVS10 DNA sequence.

Discussion

Recently, several comprehensive studies were published
describing the detection of various large rearrangements
in the CFTR gene.3–5 However, very few duplications
have been identified, and none with junction breakpoints
characterized (Cystic Fibrosis Mutation Database, http://
www.genet.sickkids.on.ca/cftr/Home.html). We describe
the detection and characterization of a novel duplication
in the CFTR gene in a female CF patient whose sister died
of CF. This large duplication was identified by SQF PCR
after extensive DNA sequencing of the promoter, and the
27 CFTR exons and flanking intronic regions failed to
identify a second mutation. The identification of the large
duplication, after DNA sequencing failed to identify a
second mutated allele, confirms the importance of ana-
lyzing CF patients’ DNA for such mutations. Furthermore,
it might be useful in cases where the penetrance of
missense mutations is not fully established to screen for
large deletions or duplications as was reported previous-
ly.3 In addition, in cases of homozygosity for rare or novel
mutations, screening for large DNA rearrangements
could prove useful as the apparent homozygosity could
be due the presence of a large deletion involving the
exon where the rare/novel mutation would have occurred.

With two extra patients’ DNA samples sequenced and
verified to harbor the same duplication breakpoint, a
founder origin of this duplication is likely. We attempted to
identify the mechanism behind the duplication. We
scanned the regions flanking the breakpoints of the du-
plication in IVS6a and in IVS10 for repetitive sequences
and ALU repeats in an attempt to identify a possible
mechanism for occurrence of this duplication. We used
the Institute for Systems Biology RepeatMasker software
(http://www.repeatmasker.org) to scan for repetitive ele-
ments. The software identified two elements of the SINE
group and one simple repeat in IVS6a, whereas 13 SINE,
14 LINE, one LTR, and four DNA elements were detected,
as well as five simple repeats and four low complexity
repeats in IVS10. The first few bases of the IVS6a junction
shown in Figure 2C are the last seven bases of an Alu
element. Alignment of this Alu element and IVS10 did not
show sufficient homology to allow for a homologous re-
combination event to occur. Flanking the duplication
break point is a sequence of GGG from IVS10 and CCC
from IVS6a. Whether these and the presence of repeats
in IVS6a and IVS10 facilitated the generation of the large
duplication is a possibility. It is likely that the duplication
occurred because of a nonhomologous recombination
event.

In summary, we identified a novel large duplication in
the CFTR gene in a CF patient carrying �F508 on the

Figure 3. Detection of downstream (A) and upstream (B) junction frag-
ments in three probands harboring duplication of exons 6b to 10. Sample 1
is from the proband from Quest Diagnostics. Samples 2 to 4 are from Ambry
Genetics. Samples 1, 2, and 4 harbor the duplications, whereas sample 3 is a
normal sample. All samples showed amplification of sequences in IVS10 (A),
whereas only the probands showed the amplification of upstream junction
fragment (B) between IVS10 and IVS6a. DNA sequencing on junction frag-
ment products (data not shown) showed all probands harboring the same
breakpoint, suggesting a founder duplication.
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other allele. The duplication was detected in two inde-
pendent probands from a different laboratory. All sam-
ples harbored the same junction breakpoint, suggesting
a founder mutation. We also describe a simple molecular
test for the detection of this duplication in patient sam-
ples. The identification of this and other rearrangement
breakpoints in the CFTR gene4,20 will facilitate testing for
such mutations in clinical laboratories.
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