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Many inherited diseases involve large genes with
many different mutations. Identifying a wide spec-
trum of mutations requires an efficient gene-scanning
method. By differentiating thermodynamic stability
and mobility of heteroduplexes from heterozygous
samples, temperature gradient capillary electro-
phoresis (TGCE) was used to scan the entire coding
region of the cystic fibrosis transmembrane conduc-
tance regulator gene. An initial panel (29 different
mutations) showed 100% agreement between TGCE
scanning and previously genotyped results for het-
erozygous samples. Different peak patterns were ob-
served for single base substitutions and base inser-
tions/deletions. Subsequently, 12 deidentified clinical
samples genotyped as wild type for 32 mutations were
scanned for the entire 27 exons. Results were 100%
concordance with the bidirectional sequence analy-
sis. Ten samples had nucleotide variations including a
reported base insertion in intron 14b (2789 � 2insA)
resulting in a possible mRNA splicing defect, and an
unreported missense mutation in exon 20 (3991 G/A)
with unknown clinical significance. This methodol-
ogy does not require labeled primers or probes for
detection and separation through a temperature gra-
dient eliminates laborious temperature optimization
required for other technologies. TGCE automation
and high-throughput capability can be implemented
in a clinical environment for mutation scanning with
high sensitivity, thus reducing sequencing cost and
effort. (J Mol Diagn 2005, 7:111–120)

Detecting single nucleotide polymorphisms is increas-
ingly important in molecular diagnostics to link DNA vari-
ation with complex inherited diseases. With the occur-
rence of single nucleotide changes/substitutions in the
human population greater than 1%, technology detecting

any sequence alteration is especially important for large
genes containing many exons and multiple mutations.1

For example, the gene that encodes cystic fibrosis trans-
membrane conductance regulator (CFTR) consists of 27
exons and spans a region of 188,705 bp in chromosome
7. More than 1000 mutations have been reported that are
associated with cystic fibrosis, a severe autosomal reces-
sive disorder. Common symptoms include abnormal
sweat electrolytes, pulmonary disease, exocrine pancre-
atic insufficiency, or male infertility (congenital bilateral
absence of the vas deferens).2,3 A panel of 25 cystic
fibrosis (CF) mutations is recommended by the American
College of Medical Genetics for population carrier
screening.4 However, this panel is designed only for the
most common mutations found in the United States pop-
ulation. Other sequence alteration(s) unknown whether
they are pathogenic or nonpathogenic require further
characterization.5 Therefore, analyzing the entire muta-
tion spectrum can improve correlation between geno-
types and phenotypes, specifically in relation to atypical
or mild forms of CF. Scanning the entire coding region of
the target gene in a high-throughput format saves time
and cost over full gene sequencing. Any technology used
for scanning must have a high sensitivity for detecting
any alteration.

Current technologies available for mutation detection
have been reviewed.6,7 Basically, they can be catego-
rized into two areas. The first category detects known
mutations, and methods include real-time polymerase
chain reaction (PCR) coupled with melting curve analysis
(allele-specific hybridization probes),8,9 oligonucleotide
arrays,10 minisequencing with primer extension, and en-
zymatic assays such as oligo ligation assay (Applied
Biosystems, Foster City, CA) and restriction fragment
length polymorphism. The second category detects un-
known mutations, and technologies include direct se-
quencing and varied electrophoretic-based assays, such
as single strand confirmation polymorphism,7 confirma-
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tion-sensitive gel electrophoresis,11 and constant dena-
turant capillary electrophoresis.12 Both categories have
advantages and limitations. For example, an assay
based on allele-specific hybridization probes is sensi-
tive but is limited to detecting a single or few mutations.
Methods for full gene analysis will detect a great num-
ber of mutations, but may be less sensitive overall.
Direct sequencing is the current gold standard but is
costly and labor intensive for analyzing a large mul-
tiexon gene.

A temperature-controlled ion-pair reverse-phase liquid
chromatography has been used for unknown mutation
discovery.13 This approach separates heteroduplex mu-
tants from homoduplex wild types by specific melting
temperatures (Tm) and different hydrophobicity in an
alkylated C-18 column.13,14 Two research articles have
been published for screening the CFTR gene using de-
naturing high-performance liquid chromatography and
suggest this technology is suitable for large gene analy-
sis with high accuracy.15,16 However, a limitation of de-
naturing high-performance liquid chromatography is that
it requires intensive optimization to determine the best
resolving temperature for each individual exon (ampli-
con) in a large gene. This limitation may decrease
throughput for a high volume test. Recently, a technology
using an automated temperature gradient capillary array
electrophoresis (TGCE) provides another option for a
rapid analysis of a large multiexon gene. This technology
is similar to a method previously described17 but instead
of using a denaturing agent, samples are resolved in a
capillary array with a proprietary polymer matrix. This
technology differentiates heteroduplex mutants from ho-
moduplex wild types based on different mobility in a
specific polymer matrix under a temperature gradient.
Using a temperature gradient reduces Tm optimization
for individual exons. Movement of different species of
DNA is then captured by a charge-coupled device cam-
era as image files for data analysis.18,19

The purpose of this study was to implement an auto-
mated analysis format using TGCE (model SCE 2410;
SpectruMedix Inc., State College, PA) for mutation scan-
ning of the CFTR gene. Exon-specific primers were de-
signed so the entire coding regions as well as intron-exon
boundaries of the 27 exons were optimally amplified with
a standard PCR protocol. After amplification, PCR prod-
ucts were slowly cooled and subjected to the automated
TGCE analysis. This technique showed 100% agreement
with sequencing results for distinguishing between het-
erozygous mutants and wild types. We also detected one
nucleotide alteration not previously reported [Cystic Fi-
brosis Genetic Analysis Consortium (CFGAC) database
(http://www.genet.sickkids.on.ca/)]. It is desirable to de-
tect single-base alteration in a wide range of DNA frag-
ments, in terms of sizes and GC contents, using an
automated high-throughput format. The method de-
scribed in this study is capable of detecting single (or
multiple) base alterations in varied length PCR products
(175 bp to 834 bp). This technology has a great potential
to be implemented in a high-throughput environment for
mutation scanning of large multiexon genes.

Materials and Methods

Sample Collection for TGCE Scan

Forty-two previously characterized samples including 14
samples from Coriell Repository (Camden, NJ) and 28
deidentified clinical samples with known CF genotypes
for 29 specific mutations were used to compare peak
patterns of heterozygous samples to wild types using
TGCE scanning (Table 1). Subsequently, 12 clinical
specimens previously submitted to ARUP Laboratories
(Salt Lake City, UT) were deidentified (according to an
institutional review board-approved protocol) and used
for full gene-scanning analysis (27 exons). These sam-
ples were previously genotyped as negative for a panel
of 32 CF mutations by oligo ligation assay (Celera Diag-
nostics LLC., Alameda, CA).

Primer Design, DNA Amplification, and TGCE
Preconditioning

Genomic DNA of all specimen samples collected for this
study was extracted by the MagNA Pure LC instrument
(Roche Diagnostics, Indianapolis, IN) and 2 �l of each
extracted DNA was used for PCR. Primers (except exon
9) specific to each exon were designed �20 to 100 bp (if
applicable) upstream and downstream of each exon us-
ing Primer3 software20 so partial intron sequences and
intron/exon boundaries will also be scanned. The primer
pair specific to exon 9 was adapted from a published
sequence15 to exclude a TG/T repeat polymorphic region
in intron 8 that forms heteroduplexes in nearly all samples.
The complete designed primers are listed in Table 2.

PCR was performed in a 50 �l reaction using the High
Fidelity PCR master kit (Roche Diagnostics, Indianapolis,
IN) following the manufacturer’s instructions. This en-
zyme mixture contains both TaqDNA polymerase and
Tgo 3� to 5� exonuclease proofreading polymerase. The
use of a high-fidelity PCR enzyme mixture was to mini-
mize polymerization errors during PCR thus improving
detection efficiency for genetic diversity.21 PCR was per-
formed in a PTC-200 thermocycler (MJ Research,
Waltham, MA). One standard PCR protocol was used to
amplify all 27 exons of the CFTR gene simultaneously.
PCR cycling conditions were 5 minutes at 95°C, 30 cy-
cles of 94°C for 30 seconds, 55°C for 1 minute, 72°C for
1 minute, then 72°C for 5 minutes, and cooling to 4°C.
After PCR, heteroduplexes were formed as recom-
mended by the vender (SpectruMedix Inc.). PCR prod-
ucts were heated 5 minutes at 95°C, cooled slowly to
50°C in 1°C/minute intervals, held at 50°C for 20 minutes,
and cooled to 25°C at the rate of 2.5°C/minute. To obtain
the best peak resolution, treated PCR products were
diluted with either 1� or 10� PCR buffer (Applied Bio-
systems, Foster City, CA) to ensure unsaturated fluores-
cent intensity and suitable salt contents, and injected into
a TGCE equipped with 24 capillaries (model SLE 2410,
SpectruMedix Inc.). Other parameters requiring optimi-
zation before scanning included injection time, range of
temperature gradient, and ramping rate. Two injection
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conditions were tested, 3 kV for 20 seconds and 5 kV for
30 seconds. Five different temperature gradient ranges
for capillary electrophoresis (CE) were also tested: 40 to
50°C, 50 to 55°C, 50 to 60°C, 55 to 60°C, and 60 to 65°C.
The ramp period was always 21 minutes. The optimized
dilution factor (1:4), injection time (3 kV for 20 seconds),
and temperature gradient (50 to 55°C) were used for the
rest of the study.

CFTR Full Gene-Scanning Setup

Based on the basic setup (24-capillary format) in our
instrument, the full gene scanning of one patient sample
requires one plate (24 exons), plus an additional three
wells because of the 27 exons of the CFTR gene. Multi-
plexing several exons is feasible to fit a 24-well format,
but requires further optimization to avoid interaction be-
tween multiplexed amplicons. In our design, each plate
contained two exons for 12 patient samples. Thus the 27
exons of the 12 deidentified samples (324 PCR products)
were scanned within three runs (14 plates; 6 plates per
one complete run). These 12 samples constituted our
wild-type controls, although 10 of 12 samples had varia-
tions in at least one exon. Ideally, peaks of additional
samples will be compared to these original samples, thus

reducing the need to run wild-type controls with every
run.

Data Analysis

Data were analyzed using the Revelation 2.4 image anal-
ysis software (SpectruMedix Inc.). For graphical illustra-
tion, analyzed data (by Revelation 2.4) were exported to
Microsoft Excel using time (seconds) as the x axis and
fluorescent intensity as the y axis. After scanning and
data analysis, for each individual exon, at least two sam-
ples possessing a single-sharp peak were assumed to
be the wild types (negative control) and were se-
quenced for confirmation. The rest of the samples were
compared to the confirmed wilt-type peaks for each
exon. Samples possessing multiple peaks (2 to 4) or
with any differences in peak shape when compared to
the negative control were scored as positive. Positive
samples were sequenced for the specific exon to identify
the base alteration(s).

Sequencing

PCR samples showing an alteration by TGCE were se-
quenced using dideoxy terminator sequencing reactions

Table 1. Mutation Samples with Known Genotypes Scanned by TGCE*

Exon Mutation† Amplicon size (bp)
Location of mutation

from 5� end (bp) Base change Detection‡

3 G85E 234 124 G to A 1/1
3 394delTT 234 132 del TT 1/1
4 R117H 270 83 G to T 2/2
4 I148T 270 176 T to C 3/3
Intron 4 621 � 1 G/T 270 233 G to T 1/1
5 663delT/663delT 186 75 del T 0/1
Intron 5 711 � 1 G/T 186 124 G to T 1/1
7 R334W 345 208 C to T 1/1
7 R347P 345 248 G to C 1/1
9 A455E 263 155 C to A 2/2
10 I506V 292 168 A to G 1/1
10 �I507 292 171 del ATC 2/2
10 �F508 292 174 del TTT 2/2
10 �F508/�F508 292 174 del TTT 0/1
10 F508C 292 175 T to G 1/1
10 V520F 292 210 G to T 1/1
Intron 10 1717–1 G/A 175 50 G to A 1/1
11 G542X 175 90 G to T 2/2
11 G542X/G542X 175 90 G to T 0/1
11 G551D 175 118 G to A 3/3
11 R553X 175 123 C to T 3/3
11 R560T 175 145 G to C 2/2
13 2184delA 834 356 del A 1/1
Intron 14b 2789 � 5G/A 192 102 G to A 1/1
Intron 16 3120 � 1G/A 216 111 G to A 1/1
19 R1162X 322 68 C to T 1/1
19 3659delC 322 111 del C 1/1
20 W1282X 206 154 G to A 1/1
21 N1303K 250 175 C to G 2/2
Total exon/intron Overall

accuracy
17 93%

*Samples were compared with their respective wild-type control (confirmed by sequencing).
†All genotypes were heterozygous except homozygous sample 663delT/663delT, �F508/ �F508, and G542X/G542X.
‡Number of samples scored (�) by TGCE/number of samples tested. Homozygous samples were detected only after mixing with a wild-type

sample.
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(Applied Biosystems Inc.). In each reaction, 5 �l of Big
Dye Terminator Ready Reaction mixture, 3 �l of undiluted
and purified PCR product, and 4 �l of 0.8 pmol/�L primer
(forward or reverse) were mixed and injected into the
automated DNA sequencer (ABI Prism 3100 genetic an-
alyzer, Applied Biosystems). Results were analyzed us-
ing both ABI Sequencing Analysis and Sequencher soft-
ware (The BioCommons, Seattle, WA) to locate and
identify alterations. The confirmed alteration(s) were com-
pared to a current CF database (CFGAC) (http://www.
genet.sickkids.on.ca/) for identification. The identified nu-
cleotide changes were then classified into three catego-
ries: 1) known mutations with reported clinical signifi-
cance, 2) known variants without clinical significance,
and 3) sequence variants with unknown clinical signifi-
cance (usually missense or intronic mutations). For alter-
ations not previously reported, the laboratory must de-
cide the classification, with deleterious (or suspected
deleterious) mutations compromising insertions/deletions
(frame shift), nonsense mutations, and predicted splice
site mutations; or alterations with unknown significance
include missense mutations and some intronic mutations.

Results

Peak Resolution

TGCE detects sequence alteration(s) based on the dif-
ferentiation of different heteroduplex mobilities in a spe-
cifically designed polymer matrix. In theory, heterodu-
plexes move slower than homoduplexes because of the

formation of bubble-like structures of strands with a sin-
gle mismatch under a specific temperature (Tm). In ad-
dition to heteroduplex formation, the length of PCR am-
plicon, the GC content, the location and types of single
nucleotide polymorphisms (A/T, A/C, A/G, C/T, C/G, or
G/T) also affect the mobility of formed heteroduplexes
under a partially denatured condition (temperature gra-
dient). Thus, parameters that affect heteroduplex mobility
in a capillary array will affect the performance of the
TGCE. Parameters that need to be optimized for TGCE
scanning include temperature gradient, sample injection
time, and PCR buffer (salt concentration) used to dilute
amplicons. Figure 1 shows the temperature gradient ef-
fect on peak resolution. The best temperature range for
both heterozygous R117H (exon 4, 270 bp) (Figure 1; A
to C) and the hard-to-discriminate mutation G551D het-
erozygous (exon 11, 175 bp) (Figure 1; D to F) is 50 to
55°C. This temperature range was used for all amplicons.

Another factor that can reduce peak resolution is sat-
urated fluorescent signal (�60,000) (Figure 2, A and B).
To avoid this, we decreased the sample injection time
from the factory default (5 kV for 30 seconds) to 3 kV for
20 seconds for better resolution. Even with decreased
injection time, some amplicons required dilution to avoid
saturated signal. However, the salt and Mg�2 contents in
the buffer may affect peak resolution. Figure 3 demon-
strates the dilution effect using different buffers (1� and
10�) on peak resolution. In this figure, the hard-to-dis-
criminate G551D heterozygous shows better resolution in
both 1 to 2 and 1 to 4 dilutions using 1� PCR buffer
(Figure 3, A and B). However, with higher salt and Mg�2

Table 2. Primer Sets Used in This Study to Amplify Entire 27 Exons of the CFTR Gene Using the Same PCR Condition (Tm �
55°C, 30 Cycles)

Exon Forward primer (5� to 3�) Reverse primer (5� to 3�)

1 CAGCACTCGGCTTTTAAC ATACACACGCCCTCCTCT
2 TCCAAATCTGTATGGAGACC TGAATTTCTCTCTTCAACTAAACA
3 CAACTTATTGGTCCCACTTT CACCTATTCACCAGATTTCG
4 TTGTAGGAAGTCACCAAAGC TACGATACAGAATATATGTGCCA
5 TTGAAATTATCTAACTTTCCATTTT CGCCTTTCCAGTTGTATAAT
6a GCTGTGCTTTTATTTTCCAG ACTAAAGTGGGCTTTTTGAA
6b CTTAAAACCTTGAGCAGTTCT CAATATTGAAATTATTGGAACAAC
7 AGATCTTCCATTCCAAGATC TGCAGCATTATGGTACATTA
8 AAGATGTAGCACAATGAGAGTATAAA GAAAACAGTTAGGTGTTTAGAGCAA
9* TGGGGAATTATTTGAGAAAG CTTCCAGCACTACAAACTAGAAA
10 GCGTGATTTGATAATGACCT TGGGTAGTGTGAAGGGTTC
11 AGATTGAGCATACTAAAAGTGAC TGCTTGCTAGACCAATAATTAG
12 CCAGGAAATAGAGAGGAAATG CATACCAACAATGGTGAACA
13 GCTAAAATACGAGACATATTGC ATTCTGTGGGGTGAAATACC
14a GGTGGCATGAAACTGTACT ATACATCCCCAAACTATCTTAAT
14b ATGGGAGGAATAGGTGAAGA CAAAGTGGATTACAATACATACA
15 TGCCAAATAACGATTTCCTA GTGGATCAGCAGTTTCATTT
16 TTGAGGAATTTGTCATCTTGT GACTTCAACCCTCAATCAAA
17a CACTGACACACTTTGTCCAC ATCGCACATTCACTGTCATA
17b ATTTGCAATGTTTTCTATGG TGCTTAGCTAAAGTTAATGAGTTC
18 TTCATTTACGTCTTTTGTGC GGTATATAGTTCTTCCTCATGC
19 GTGAAATTGTCTGCCATTCT CAAGCAGTGTTCAAATCTCA
20 TGATCCCATCACTTTTACCT TTTCTGGCTAAGTCCTTTTG
21 AGAACTTGATGGTAAGTACATG CATTTCAGTTAGCAGCCTTA
22 TCTGAACTATCTTCTCTAACTGC AATGATTCTGTTCCCACTGT
23 TTCTGTGATATTATGTGTGGTATT AAGAATTACAAGGGCAATGA
24 CAGATCTCACTAACAGCCATT TGTCAACATTTATGCTGCTC

*Primers adapted from Le Marechal et al.15
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contents, peak resolution was disrupted and cannot be
used for comparison (Figure 3, C and D). For consis-
tency, all 27 amplicons of the CFTR gene were diluted 1
to 4 (using 1� PCR buffer) and injected at 3 kV for 20
seconds.

Mutation Scanning of the CFTR Gene

In this study, no confirmed peak patterns for wild-type
sequences of each exon were initially available, but sam-
ples possessing a single peak for each specific exon
after TGCE scanning were considered as wild types and
sequenced for confirmation. After sequencing confirma-
tion, these samples were used as wild-type controls for
peak comparison in the further studies.

Because of limited sample availability of rare CF mu-
tations, detection of all 1291 reported mutations for ac-
curacy study using TGCE is not feasible. Therefore, to
test the accuracy of the TGCE protocol that we devel-
oped, we used 42 genotyped samples with 29 specific
genotypes representing 27 mutations (Table 1). Each
amplicon was injected in duplicate into the automated
TGCE. Peak patterns were identical between dupli-
cates (data not shown). Frame numbers of the same
amplicon that appeared in the electropherogram were
slightly different (��40 frames) between duplications.
This is a normal phenomenon because each capillary
acts independently.

After comparison with each wild-type control, all het-
eroduplex mutations were identified correctly. Figure 4
demonstrates detection of different locations of a single
base alteration in exon 4 fragment. In this 270-bp frag-
ment, heterozygous R117H (G/T) is located 83 bp from
the 5� end, heterozygous I148T (T/C) is located in the

middle of the fragment, and heterozygous 621 � 1 (G/T)
is located at the end of the fragment (37 bp from the 3�
end) (Figure 4, A to D; Table 1). Heterozygous 621 � 1
(G/T) had the least distinct split-peak pattern when com-
pared to heterozygous R117H and I148T (Figure 4; B to
D). Different heterozygous 621 � 1 (G/T) samples
showed similar patterns, with less peak resolution than
the other exon 4 mutations (Figure 4; D to F). The reason
for less peak resolution of heterozygous 621 � 1 (G/T) is
not clear. A possible explanation is the nearest neighbor
structure that helps to stabilize the mismatch, which re-
sults in similar mobility between the homoduplexes and
heteroduplexes or the location close to the 3� end. An-
other example of reduced resolution is heterozygous
A455E in exon 9. A shoulder instead of a small peak was
observed in heterozygous A455E when compared to the
wild-type control (Figure 5, A and B). To clarify the de-
tection limit of the TGCE, further studies should focus on
the thermodynamic effect of amplicon length and type of
single nucleotide polymorphisms on heteroduplex forma-
tion using either artificial templates or engineered plas-
mids as a study model.

Figure 6 demonstrates examples of peak patterns for
heterozygous base deletions. For a single base deletion,
a pattern of two additional peaks associated with the
main peak was observed in a shorter fragment (exon 19,
322 bp), and a pattern of one additional peak associated

Figure 2. Different sample injection times affect peak resolution. A: R117H
heterozygous (exon 4, 270 bp) without dilution and injected at 5 kV for 30
seconds; B: R117H heterozygous (exon 4) without dilution and injected at 3
kV for 20 seconds.

Figure 1. Temperature gradient effect on peak resolution (in 100 seconds
scale). A: Wild-type control (exon 4, 270 bp); B: R117H heterozygous (exon
4) with 50 to 55°C gradient; C: R117H heterozygous (exon 4) with 55 to 60°C
gradient; D: wild-type control (exon 11, 175 bp); E: G551D heterozygous
(exon 11) with 50 to 55°C gradient; F: G551D heterozygous (exon 11) with
55 to 60°C gradient.
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with the main peak was found in a longer fragment (exon
13, 834 bp) (Figure 6; A to D). This difference in peak
resolution is possibly because of different deleted bases
and different fragment lengths. Two or more deleted
bases showed a distinct four-peak pattern in heterozygous
394delTT (exon 3, 234 bp) and heterozygous �F508 sam-
ples (exon 10, 292 bp) (Figure 6, E to H; Table 1).

Compound heterozygotes and homozygous sequence
alterations were also investigated by TGCE. Although
compound heterozygotes in the same exon are rare, its
mobility in TGCE is of interest. Figure 7, A and B, shows
peak comparisons of a compound heterozygous muta-

tion (2134 C/T plus 2151 A/G) with the wild-type control in
exon 13 (834 bp). Homozygous mutations are difficult to
discriminate in assays based on heteroduplex mobility
separation because no heteroduplexes are formed. In
our study, homozygous mutants 663 delT (exon 5),
�F508 (exon 10), and G542X (exon 11) were not initially
detected. However, on mixing with a wild-type sample in
a 1:1 ratio, all three homozygotes were detected (Figure
7, C and D). As detailed in Table 1, the overall accuracy
(sensitivity) of the TGCE scanning is 93% (without mixing
with wild-type sample), 100% for heterozygotes detec-
tion, and 100% overall accuracy when mixing with wild-
type samples (Table 1).

The image analysis software included with the TGCE
system (Revelation 2.4) provides a convenient feature to
generate a graphical report by computing differences of
peak shape and peak area between an unknown sample
and its wild-type control. Reports generated by Revela-
tion were rapid and usually possessed �90% accuracy
(confirmed by direct sequencing) depending on how
stringent the parameters were set (data not shown). How-
ever, results generated were also reviewed manually for
subtle changes not detected by analysis software.

After the initial study using genotyped samples, the
entire 27 CF exons were amplified from each of 12 ran-
domly selected genomic DNA samples (determined as
wild types by the American College of Medical Genetics

Figure 3. Effect of dilution with PCR buffers (1� buffer containing 1.5
mmol/L Mg�2; 10� buffer containing 15 mmol/L Mg�2) on peak resolution
using amplicon G551D heterozygous (exon 11) as an example. A: Dilution (1
in 2) using 1� PCR buffer; B: 1 in 4 dilution using 1� PCR buffer; C: 1 in 1.25
dilution using 10� PCR buffer; D: 1 in 2 dilution using 10� PCR buffer.

Figure 4. TGCE scan of samples containing single base changes in exon/
intron 4 of the CFTR gene. A: Wild-type; B: R117H heterozygous (exon 4); C:
I148T heterozygous (exon 4); D: 621 � 1 G/T heterozygous sample 1 (intron
4); E: 621 � 1 G/T heterozygous sample 2 (intron 4, from Coriell Repository);
F: 621 � 1 G/T heterozygous sample 3 (intron 4, from Coriell Repository).

Figure 5. TGCE scan of samples containing single base changes with re-
duced resolution. A: Wild-type (exon 9 of the CFTR gene); B: A455E het-
erozygous (exon 9 of the CFTR gene).
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recommended panel) and scanned by TGCE. In the re-
sults, 17 exons showed a single peak pattern with no
associated shoulder area, suggesting these exons did
not have any sequence variation. Multiple peaks were
found in various DNA samples in exons 1, 3, 6a, 6b, 14a,
14b, 15, 20, 21, and 24 (Table 3). These data suggest the

presence of �5% sequence alterations in samples
scored negative by our current CF 32-mutation panel.
Samples with multiple peaks were sequenced for muta-
tion identification and for final confirmation.

Sequencing Confirmation

All multipeak samples (n � 20) and at least two single-
peak samples (n � 54) per each exon were sequenced.
In addition, we have sequenced exon 9 for all 12 samples
because the mutation A455E is difficult to be detected in
some systems. Results showed that TGCE had 100%
concordance with direct sequencing: no sequence vari-
ation was found in samples with a single-peak pattern
(true negatives) and one or more nucleotide changes
were found in samples with multipeak pattern (true pos-
itives). No mutations were found in exon 9 amplicons and
no homozygous mutations were found among all samples
sequenced. So far, for all samples analyzed, we had
100% sensitivity and 100% specificity. However, a large
study including sequence-confirmed positive and nega-
tive samples is needed to establish the true sensitivity
and specificity of TGCE. In summary, sequence varia-
tions in the 12 deidentified DNA samples were charac-
terized as following: 4 of 12 (33%) have STRs (short
tandem repeats), 10 of 12 (83%) have single nucleotide
changes, and 1 of 12 (8%) have either a nucleotide
insertion or deletion. Only two DNA samples (17%) were
identical to the published wild-type sequence for all 27
exons scanned. These data show the complex genetic
diversity of the CFTR gene, which suggests the need of a
reliable scanning method to analyze the full gene in a
high-throughput format.

Nucleotide changes found in exon 14a, 15, 21, and 24
were reported sequence variations and did not change
the encoding amino acid5 (Table 3). The single base
changes found in exon 3 altered the coding amino acid,
but no clinical significance has been reported to be as-
sociated with these changes (Table 3). Four of twelve
samples contained a tetra nucleotide repeat IVS6a
(GATT)n in intron 6a, which is a known genetic marker
and has been used to trace the origin of different CF
mutations.22,23 The primers for exon 6a were subse-
quently redesigned to exclude this polymorphism. An
insertion of A 2 bases after exon 14b was found in one
DNA sample. Previous literature reported this insertion
might be a mild allele that contributes to the development
of hypoplastic vas deferens phenotype in patients with
�F508.24 In this study, we also found a single base
alteration that has not been reported in the current CF
database (CFGAC). This sequence variant is a G/A in
position 3991 (exon 20) that changes the encoded amino
acid (position 1287) from glycine to arginine. The signif-
icance of this alteration is unknown. To summarize, the
additional 12 samples scanned added another nine dif-
ferent sequence alterations that were detected by our
TGCE method (Tables 1 and 3).

Figure 6. TGCE scan of samples containing base deletions in the CFTR gene
(single base deletion, A to D; multiple base deletion, E to H). A: Wild-type
control (exon 19); B: 3659delC heterozygous (exon 19); C: wild-type control
(exon 13); D: 2184delA heterozygous (exon 13). E: wild-type control (exon
3); F: 394delTT heterozygous (exon 3); G: wild-type control (exon 10); H:
�F508 heterozygous (exon 10).

Figure 7. Detection of compound heterozygous and homozygous mutation.
A: Wild-type (exon 13); B: peak pattern of compound heterozygous 2134
C/T and 2151 A/G (exon 13); C: wild-type mixed with wild-type in 1:1 ratio
(exon 5); D: homozygous 663 delT mixed with wild-type in 1:1 ratio (exon 5).
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Discussion

More than 1000 mutations have been reported since the
CFTR gene was cloned and characterized in 1989.23,25

Of these mutations, �F508 (a 3-base deletion) is the most
frequent mutation and results in a defective cAMP-regu-
lated chloride transport in epithelial cells.26 Other muta-
tions in the CFTR gene such as G542X, G551D, and
N1303K occur in greater than 1% in the CF population
and are associated with severe pancreatic insufficien-
cy.23,27 Recently, carriers of the I148T mutation have
received more attention because I148T has been found
in association with the 3199del6 mutation, which may be
necessary for the classic CF phenotype.28 Because of
the complexity of both the mutations and the phenotypes,
a high-throughput mutation scanning method to screen
the entire coding region of the CFTR gene may provide
valuable clinical information regarding CF genotypes and
respective phenotypes.

Electrophoresis-based methods such as denaturing
gradient gel electrophoresis (DGGE) and confirmation
sensitive gel electrophoresis have been widely used for
mutation scanning with accuracy of up to 80%.6,19 How-
ever, for large gene analysis that is necessary for CFTR
gene, these methods are labor-intensive and time con-
suming. A recent method using denaturing high-perfor-
mance liquid chromatography to screen for sequence

variations in the CFTR gene has been reported.15 This
method is rapid (3 to 5 minutes per sample) but still
requires intensive temperature (Tm) optimization for each
exon to separate heteroduplexes from the wild types.

In comparison to these technologies, the approach we
describe in this study possesses several advantages for
scanning a large multiexon gene. This technology re-
quires less DNA (50 to 500 pg/�l) and uses a tempera-
ture gradient rather than a fixed temperature.19 Another
advantage is that this method does not require labeled
primers, probes, or specific dyes. The experimental pro-
tocol for using TGCE is simple, and by replacing the
polymer matrix after each use, cross contamination is
minimized, thus eliminating the residual interference left
from a previous experiment. Finally, instruments with 192
capillaries are available for higher throughput applica-
tions. Using the CFTR gene (27 exons) as an example, a
total of 30 patient samples (one wild-type plus five patient
samples per plate) can be scanned in one complete run
(6- of 192-well plate per one complete run) without oper-
ator intervention. The disadvantages with this method are
inherent with all scanning techniques. First, sample mix-
ing is required to distinguish homoduplex mutants from
wild-type, and every TGCE run currently requires a wild-
type control as a reference for automatic heteroduplex
calling, resulting in reduced throughput. Second, PCR

Table 3. Entire 27 CF Exons of 12 Deidentified DNA Samples Scanned by TGCE Method

Exon Amplicon size (bp) Alterations* Confirmation by sequencing Consequence†

1 335 1 125 G/C Sequence variation (5� flanking)
2 210 0
3 234 1 332 C/T Change Pro to Leu at 67
4 270 0
5 186 0
6a 248 1 875 � 40 A/G Sequence variation in intron 6a
6b 239 4 IVS6a (GATT)n‡ Sequence variation in intron 6a
7 345 0
8 233 0
9 263 0

10 292 0
11 175 0
12 250 0
13 834 0
14a 248 5 2694 T/G No change (Thr at 854)
14b 192 1 2789 � 2 ins A Suspected deleterious
15 322 1 3030 G/A No change (Thr at 966)
16 216 0
17a 243 0
17b 292 0
18 217 0
19 322 0
20 206 1 3991 G/A Unknown mutation, change Gly to Arg at 1287
21 250 1 4029 A/G No change (Thr at 1299)
22 249 0
23 193 0
24 250 4 4521 G/A No change (Gln at 1463)
Total Amplicon

analyzed
Potential SNP (%)§

27 324 5%

*Number of samples containing potential alterations (n � 12).
†All mutations discovered by TGCE analysis were sequenced and compared to the CFTR database (http://www.genet.sickkids.on.ca/cftr/) for

clinical significance.
‡IVS6a (GATT)n is a reported tetra nucleotide repeat, also known as short tandem repeat (STR).
§STR is not included in the calculation.
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primer placement is a concern for all PCR-based as-
says, especially for mutations located deep inside the
introns. The mutation 3849 � 10 kb C/T would not be
detected in this study because its location was out of
the primer scanning range. Therefore, primers must be
designed to cover the specific regions of interest. How-
ever, one testing scenario would test for common mu-
tations first and reflex to full gene analysis only in cases
of clinically diagnosed CF patients with zero or one
identified mutation.

TGCE peak patterns could indicate the type of muta-
tion present. In general, a shoulder or an additional peak
was usually associated with a single base substitution.
Samples with more than two peaks were found to be a
sequence insertion or deletion. Because we did not have
samples with mutations in every exon, the sensitivity has
not been determined for these particular exons. Addi-
tional samples with mutations in these exons are needed
to complete and validate this work. Because sensitivity
and specificity is exon-dependent and not completely
known at this time, full gene sequencing is required for
CF patients if scanning results are negative.

Two factors that influence mutation detection efficiency
in both TGCE and other scanning methods are heterodu-
plex formation and GC content of a target amplicon. In
addition, according to the literature, a minimum amount
of 10 to 20% of minority DNA species (sequence varied
from wild-type) is required to form enough heterodu-
plexes in PCR products.13 The nearest neighbor (stack-
ing structure) also affects the heteroduplex formation.
Because of the limited data available for longer DNA
fragments, we are continuing to investigate how the lo-
cations of mutation site, mismatch stability, as well as
fragment length, influence the detection range of our
TGCE method. These factors may have combined effects
and potentially decrease the sensitivity. Amplicons with
extreme GC contents (�64% or 	27%) sometimes es-
cape detection if not using an optimized melting temper-
ature (Tm).13 In our approach, even with a temperature
gradient, we designed each amplicon to have a GC
content �40 � 10% except for exon 1 (57.3%) and exon
21 (27.6%). Thus all 27 amplicons theoretically are re-
solved within our 50 to 55°C gradient.

A main challenge for CFTR mutation scanning is test
result interpretations. Determining whether an alteration
is a sequence variation or a disease-causing mutation is
often challenging without clear clinical data. Interpreta-
tion is even more difficult when a disease-causing muta-
tion is associated with mutations of other sites that may
be thousands of bases away. This level of complexity is
particularly true for cystic fibrosis with severe and mild,
atypical forms. For this reason, scanning the CFTR gene
should be used cautiously in a clinical setting and only for
disease confirmation or highly suspected cases of CF. Its
use for general population screening is limited because
of the cost and the uncertainty in interpreting alterations
in carriers at this time. However, high-throughput full
gene analysis can help link different mutations, thus pro-
viding valuable information for clinical significance. The
approach demonstrated here can be applied not only to
CFTR gene but also to other large multiexon genes.
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