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Purpose: To develop a sequencing assay for the CFTR gene to identify mutations in patients with cystic fibrosis

(CF).Methods: An automated assay format was developed to sequence all exons and splice junctional sequences,

the promotor region, and parts of introns 11 and 19. Results: After validating the assay using 20 known samples,

DNA of seven patients, four of whom were heterozygous for a known CF mutation, was sequenced. Known CF

mutations were detected in seven of the eight chromosomes, and a novel missense mutation was detected in the

eighth. In addition, this assay allowed 14 ambiguous results obtained using the Roche CF gold strips to be

resolved. Three false-positive diagnoses were prevented; a different mutation at the same codon was identified in

two patients and confirmation was provided in the remaining nine cases. Conclusions: Sequencing of the CFTR

gene provides important information for CF patients and is a valuable adjunct to a carrier screening program to

resolve ambiguities in panel testing. Genet Med 2003:5(1):9–14.
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Cystic fibrosis (CF) is one of the most common recessive
genetic diseases in North America. The disease is caused by
mutations in the CF transmembrane regulator (CFTR) gene,
which was cloned in 1989.1–3 Thus far more than 1,000 differ-
ent CFmutations have been described.4 The American College
of Medical Genetics (ACMG) has recommended a core panel
of 25mutations and 4 reflex polymorphisms for routine carrier
screening for CF.5 The College panel is expected to identify
approximately 97% of mutations in Ashkenazi Jews, 88% of
mutations in non-Hispanic Caucasians,6 andmuch lower per-
centages in other ethnic groups.5–7 So-called extended panels
do not increase these detection rates appreciably.5,6 Therefore,
many CF patients will have one or both of their mutations
unidentified using currently available screening techniques.
These individuals, their parents, and extended familymembers
can benefit from carrier detection and prenatal diagnosis if
their rare or novel mutations are identified. Therefore, we de-
veloped an automatedDNA sequence analysis–based assay ca-
pable of detecting all but 13 of the 1004 CF mutations de-
scribed as of August 2002.4 As the incidence of these 13

mutations is not known, it is impossible to calculate the per-
centage of CF chromosomes that will actually be identified by
this assay.
This report describes the development and clinical valida-

tion of this assay and how the ability to selectively sequence any
sequence containing an ACMG mutation has allowed us to
resolve ambiguous results in our carrier screening program
and avoid misdiagnoses.

MATERIALS AND METHODS
Assay design

The assay was designed to sequence all the coding sequences
and splice donor and acceptance sites. In addition the promo-
tor region and two intronic sequences were amplified to detect
the mutations 1811 � 1.6 kb A3G and 3849 � 10 kb C3T.
The scheme will detect 991 of the 1004 (98.7%) described mu-
tations as of August 2002.4 Table 1 is a listing of 13 known CF
mutations not detected by this assay. All but two of these mu-
tations involve large deletions of CFTR and would not be de-
tectable by any sequencing assay.
Genomic DNA is purified from whole blood as described

previously.7 Polymerase chain reaction (PCR) primer pairs
were designed using the CFTR gene sequences in EMBL/Gen-
bank (AccessionNos.M55106-M55131). Each PCRprimer for
the 32 separate PCR reactions contains either an M13 forward
linker sequence or an M13 reverse linker sequence as appro-
priate to allowuniversal sequence reaction priming. Individual
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PCR reactions are performed in 96-well microtiter plates un-
der the same conditions for each amplicon. Subsequently, the
PCR products are purified with the Millipore Montage™
PCR96 Cleanup kit (Millipore, Bedford, MA) on a Beckman
BioMek 2,000 biorobot. The purified PCR products are diluted
to approximately 10 ng/�L and cycle sequencing reactions are
performed with an ABI Prism Big Dye™ Terminator v3.0 cycle
sequencing reaction kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. The DNA primers
used for the sequencing reaction are M13 forward and reverse
primers as appropriate. Big Dye™ Terminator reaction prod-
ucts are purified by the Millipore Montage™ Seq96 Sequencing
Reaction Cleanup kit on a biorobot and analyzed on an ABI
Prism 3100 Genetic Analyzer. Sequences obtained were exam-
ined for the presence of mutations by using ABI SeqScape v1.1
software. Both strands of DNA were sequenced. In all, 10,132
bp are sequenced in both directions in 64 separate sequencing
reactions. All PCR reactions, purifications, and cycle sequenc-
ing reactions are performed in 96-well microtiter plates using
biorobots to avoid errors introduced by manual setups. Load-
ing of samples onto the capillary sequencer is also automated.
One plate is sufficient to perform the entire sequencing reac-
tion for a single patient. Theoretically, if all reactions were
successful, the entire sequence for a single patient could be
obtained in 24–48 hours after receipt of blood. In practice,
however, one or more reactions must be repeated because of
frequent polymorphisms in intron 8 and 6a and failed reac-
tions. Single exon and two exon sequencing analysis to identify
rare mutations have also proved invaluable in resolving ambi-
guities in carrier screening.

RESULTS
Assay validation

DNA from 17 patients with known mutations were made
anonymous, coded, and submitted for analysis along with
DNA from 3 wild-type controls. An additional patient with
intriguing results in the carrier screening program was added
after consent was obtained from her referring physician (see
below). The laboratory was blinded to the identity of all sam-
ples and the expected mutations. The panel included com-
pound heterozygous samples, homozygous mutant samples,
and heterozygous samples. Table 2 is a listing of samples used
for this validation. All mutations were correctly identified, and
no mutations were identified in the normal controls.

In this validation series, several polymorphisms were iden-
tified in both the patients and controls used in the validation
patients. These are summarized in Table 3. In all, 15 previously
described and 9 novel polymorphisms were detected. The 950
G3A and 1497 C3A are clearly polymorphisms because they
occur in exons and do not alter the encoded amino acid. The
others occur in introns or untranslated regions. The 1811 � 1.6
kb � 16 T3A, 1899-136 T3A, 3850-71 C3T, and 1811 �
229T3A sequence variations occur in introns and at sufficient
frequencies to be considered polymorphisms. The variants
seen only once, 1342-64 delA, 106G3C, and 4095-100 A3G,
could be CF mutations, but their occurrence in exons and un-
translated regions makes it more likely that they represent
polymorphisms. Only the 1342-64delA occurred in a known
CF patient.

One extremely interesting patient, an asymptomatic preg-
nant women who was tested by her obstetrician for CF carrier
status, was included in the validation series. The linear array
strips yielded a result of homozygous for the rare mutation

Table 1
CF mutations not detected by sequencing assay

Mutation No.a

�816C 3 T 60

�741T 3 G 59

CFTR50kbdel complex deletion involving exons 4–7 and 11–18

CFTR40kbdel deletion of exons 4–10 66

CFTR40kbdel deletion of exons 4–10 67

CFTRdele14a 68

CFTRdele14b–18 69

CFTRdele16–17b

CFTRdele17b18

CFTRdele21

CFTRdele19

2104insA�2109–2118del10

CF25kbdel 70

Data from Toronto Hospital for Sick Children’s online database.4
aIdentification number for Toronto Hospital for Sick Children’s online data-
base.

Table 2
Mutant samples used for validation of sequencing assay

Mutation expected

wt/wt (3 patients)

delta F508/wt (2 patients)

R117H/wt (3 patients)

2789 � 5 G 3 A/2789 � 5 G 3 A (both parents confirmed carriers)

R117H/delta F508 (2 patients)

delta F508/I148T

delta F508/R1066C

delta F508/3848 � 10 kb C 3 T

delta F508/G542X

R117H/I148T (2 patients)

2307 delA/N1303K

deltaF 508/711 � 1 G 3 T

deltaF 508/1898 � 1 G 3 A

G551D/N1303K
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2789 � 5G3A. The sequencing assay revealed this patient to
be homozygous not only for this mutation but for 13 polymor-
phisms extending from exon 6a through exon 24. The possi-
bility of uniparental isodisomy or a large deletion was consid-
ered. Genotyping of the parents, however, revealed both
parents to be heterozygous carriers of 2789 � 5 G3A. The
parents are unrelated. These data indicate that this mutation
probably occurred relatively recently in evolutionary terms.

Subsequently, we analyzed DNA from eight patients sub-
mitted by physicians on a research basis for sequencing. Seven
of these patients were confirmed CF patients with positive
sweat tests. One patient had multiple sweat tests giving con-
flicting results and bronchiectasis without malabsorption.
Four of the seven confirmed CF patients had one CF mutation
identified by extended panel screening and three had no mu-
tations identified by either the ACMG or extended panel

screening. Thus 4 of the 14 chromosomes in these 7 CF patients
had identified mutations.Table 4 is a summary of extensive
sequencing results for these patients. For the 10 unknown
chromosomes, 7 described mutations were found and 2 novel
missense mutations, D806G and F191L, were discovered. For
one patient, one CF allele remained unidentified. Extensive
sequencing of the “borderline” patient revealed no mutations,
indicating that this patient may have another gene contribut-
ing to his symptoms and sweat test results.

Resolving ambiguities in a carrier screening program

CF testing for the ACMG panel uses the Roche CF Gold
Linear Array strips. Irregularities such as unusually weak lines
or missing lines can be present on the strip assay, and these
ambiguities can be resolved by sequencing the appropriate am-
plicon. Table 5 is a listing of such cases and their resolution

Table 3
List of polymorphisms detected in sequencing assay

Polymorphisms Location/description

Patients
(n � 19)
n (%)

Controls
(n � 18)
n (%)

Known

1001 � 11 C/T �12 in intron 6b 9 (47) 3 (17)

TTGA repeat (5–7) 5� flanking region intron 6a 19 (100) 18 (100)

GT repeat (8–10) intron 8 19 (100) 18 (100)

1898 � 152T/A �152 intron 8 9 (47) 6 (33)

1525–61 A/G �61 intron 9 10 (52) 7 (39)

875 � 40 A/G �40 intron 6a 2 (11) 0

356G/A Arg or Gly at position 75 0 1 (5.6)

2694T/G exon 14a, no amino acid change 8 (42) 6 (33)

3601-65 C/A �65 intron 18 2 (11) 0

4521 G/A exon 24, no amino acid change 4 (21) 1 (5.6)

3272-93 T/C �93 intron 17a 1 (5.3) 3 (17)

1540 A/G met or val at position 470 2 (11) 4 (22)

3030 G/A exon 15, no amino acid change 0 1 (5.6)

2691 T/C exon 14a, no amino acid change 0 1 (5.6)

4002 A/G exon 20, no amino acid change 1 (5.3) 0

Novel

3850–71 C/T �71 intron 19 2 (11) 2 (11)

1342–64 delA �64 exon 8 1 (5.3) 0

950 G/A no amino acid change, exon 6b 0 1 (5.6)

1811 � 229T/A �229 intron 11 2 (11) 2 (11)

106 G/C 5� untranslated region 1 (5.3) 0

1811 � 1.6 kb � 16 T/A 16 bp downstream from mutation 1811 � 1.6 kb A 3 G 9 (47) 3 (17)

1899–136 T/A �136 intron 12 8 (42) 3 (16)

4096–100 A/G �100 intron 21 0 1 (5.6)

1497 C/A no amino acid change, exon 9 0 1 (5.6)

Extensive sequencing of CFTR
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using single amplicon sequencing. There were 9 instances of
ambiguous results (approximately 1 per 10,000 assays).
Seven of the nine involved the A455E mutation, and the
remaining two involved the 1898 � 1 G3A mutation.
Weak positive lines for the A455E mutation were observed
in five instances. Repeated analysis of the samples was per-
formed beginning with DNA purification and gave identical
weak positive results. Sequencing analysis revealed novel
missense mutations or sequence variations in all five cases:
two patients had 1508 C3T (S459F) occurring four codons
upstream from A455E, two had 1496 C3T (A455 V), and
one had 1520G3A (G463D). Whether these base changes
represent novel CF mutations or polymorphism cannot be
determined at this time, but the sequence analysis prevented
the misdiagnosis of the patients as heterozygotes for A455E.
In two cases there was no A455E signal in either the mutant
or wild-type line. One of these patients was homozygous for
a point mutation causing no change in amino acid
(1497C3A). In the other patient, sequencing revealed ho-
mozygosity for a novel missense mutation V456A. As the
patient was asymptomatic, we assume that this represents a
polymorphism or mild CF mutation. Because of these un-

usual results at the A455E site, we sequenced that exon for
every patient previously found to be heterozygous for
A455E. Ten patients were sequenced and the genotype
A455E/wt was confirmed, indicating that the assay perfor-
mance for this allele is acceptable when the expected inten-
sity of the mutant band is observed. These data suggest that
caution must be taken when weak A455E mutant bands are
observed.

Two ambiguous results were obtained at the 1898 � 1 G3A
locus. A weak 1898 � 1 G3A mutant line was actually a dif-
ferent described CF mutation 1898 � 1 G3C. This distinction
is critical for some assays such as the ABI Oligonucleotide Li-
gation Assay (OLA) kit, which would genotype this allele as
wild-type. If this patient were to have a prenatal diagnosis and
the sample was sent to a different laboratory, a misdiagnosis
could ensue as the mutant 1898 � 1 G3C would be inter-
preted as wild-type is some assays. Another patient with a weak
1898 � 1 G3A line actually was heterozygous for a novel
missense mutation E587A. Thus having the ability to perform
single amplicon sequencing for all the mutations in the ACMG
panel prevented nine misdiagnoses in just a 4-month period of
time.

Table 4
Results of sequencing of patient samples

Description Prior genotype

Sequencing

CommentAllele 1 Allele 2

Confirmed CF wt/delta F508 delta F508 P205S Known mutation

Confirmed CF wt/3849 � 10 kb 3849 � 10 kb L1077P Known mutation

C 3 T C 3 T

Confirmed CF wt/delta F508 delta F508 R1066C Known mutation

Confirmed CF wt/delta F508 delta F508 D806G Novel missense

Confirmed CF wt/wt 3154delG 3154delG Both parents confirmed carriers

Confirmed CF delta F508/wt delta F508 G1244E Known mutation

Confirmed CF wt/wt wt F191L Novel missense

Borderline sweat test wt/wt wt wt

Table 5
Resolution of ambiguities on linear array assay using sequencing

Linear array result Resolution

Weak mutant A455E line 1508 C 3 T (S459F) polymorphism or novel mutation

Weak mutant A455E line 1508 C 3 T (S459F) polymorphism or novel mutation

Weak mutant A455E line wt/1496 C 3 T (A455V) polymorphism or novel mutation

Weak mutant A455E line wt/1496 C 3 T (A455V) polymorphism or novel mutation

Weak mutant A455E line wt/1520 G 3 A (G463D) polymorphism or novel mutation

No A455E mutant or wt line Homozygous 1499 T 3 C (V456A) polymorphism or novel mutation

No A455E mutant or wt line Homozygous 1497 C 3 A polymorphism (no amino acid change)

Weak wt 1898 � 1 G 3 A line wt/E587A novel missense mutation or polymorphism

Weak 1898 � 1 G 3 A line wt/1898 � 1 G 3 C—different mutation; G 3 C NOT G 3 A
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DISCUSSION

The ACMG recommended panel of CF mutations has rap-
idly become the standard of care for US carrier screening. Al-
though a small number of laboratories offer larger panels than
the ACMG recommendations, even these panels will fail to
identify one or both CF mutations in many CF patients. For
those patients and their families, extensive sequencing ofCFTR
has the potential to identify rare or novel CF mutations, for
accurate carrier detection and prenatal diagnosis.

A sequence-based assay capable of detecting 98.7% of de-
scribed mutations and also novel mutations throughout the
coding sequence and splice junction regions of CFTR has been
devised, validated, and implemented. The most direct advan-
tage is for patients with CF when known CF mutations are
discovered. Difficulties may arise when novel sequence
changes are discovered whose significance may not be imme-
diately apparent. In a patient with CF, it may be reasonable to
assume that any frame shift mutation, missense mutation,
splice donor mutation, splice acceptor mutation, or nonsense
mutation discovered is a true CF mutation. However, previous
studies have shown that two such mutations, I148T and
D1270N, are probably polymorphisms or low penetrance al-
leles.7 For those reasons, caution must be used when interpret-
ing the presence of a rare or novel mutation found in the se-
quencing assay.

This becomes even more of an issue if the extensive sequenc-
ing assay is performed not on a CF patient, but on a relative of
a CF patient or a patient with a negative family history. Spouses
of patients with known CF mutations who have tested negative
using the ACMG or an extended panel might reasonably re-
quest extensive sequencing, especially if they are of an ethnic
group poorly detected by standard panels. If a novel sequence
change is found in such a patient, genetic counseling must be
provided to ensure the patient is aware that the sequence alter-
ation may not, in fact, be a CF mutation. For that reason, we are
soliciting specimens only from CF patients and their relatives.

An unexpected benefit of having the extensive sequencing,
single exon sequencing, and two exon sequencing assays avail-
able has been the utility of using single exon sequencing to
resolve ambiguities in our carrier screening program which
currently uses the Roche CF Gold Linear Array.7 This is a hy-
bridization-based assay and sometimes is affected by nearby
polymorphisms or mutations occurring at the same nucleotide
position the mutation the strips were designed to detect. Other
hybridization-based assays such as Inogenetics will probably
experience similar difficulties with some mutations. Sequenc-
ing the relevant exon has prevented a misdiagnosis in nine
cases. Labeling a patient a carrier of the wrong mutation can
have devastating effects. Many times a prenatal sample will be
sent to a different laboratory from the laboratory that per-
formed the carrier detection. This may be due to the differ-
ences in ordering patterns between the obstetrician-gynecolo-
gist ordering the initial carrier screen and the maternal-fetal
medicine specialist performing the prenatal sampling or to in-
surance issues. Subtle differences such as the difference be-

tween 1899 � 1 G3C and 1898 G3A can lead to completely
different interpretations in different assays. In fact, in our cur-
rent assay an almost equal number of patients with positive
mutant lines for the A455E mutation had sequence changes
near the A455E locus as had true A455E mutations.

Another potential advantage of an extensive sequencing as-
say is the ability to effectively rule out CFTR mutations in pa-
tients with equivocal diagnoses for CF. It is highly unlikely that
a patient with no detectable CF mutations by extensive se-
quence analysis would have CFTR-related CF. Further studies
may determine that other genes can contribute to symptoms of
CF, or that in some cases CF may behave as a dominant disease.

Cutting et al.8 recently reported the cases of several individ-
uals with CF symptoms and elevated sweat chloride levels who
have nondetectable CFTR mutations by a similar extensive se-
quencing assay. They also reported two families in which link-
age and haplotype analysis have definitively ruled out CFTR
mutations as the cause of their clinical CF disease.8

Cutting et al.8 and we analyzed all exonic and bordering
intronic sequences. However, our assay extended a minimum
of 100 bp into each intron at all intron-exon boundaries,
whereas Cutting et al. sequenced 25 bp before each exon and 15
bp after each exon. Therefore, we were able to detect an addi-
tional 12 mutations: 711 � 34A3G; 876-10del8; 1249-29de-
lAT; 1249-27delTA; 1341 � 18A3G; 1811 � 18G3A; 1898
� 73T3G; 2752-26A3G; 3272-54del704; 3272-26A3G;
4006-16del14; and 4096-28G3A. We also analyzed the pro-
moter from 830 bp upstream of the translation starting site as
opposed to 290 bp by Cutting et al.,8 thereby allowing us to
detect the proposed regulatory mutations �471delAGG and
�363C/T.

A previous study has shown that patients with chronic si-
nusitis have an increased frequency of heterozygosity for CF
mutations.9 The observation that newborn screening pro-
grams using immunoreactive serum trypsinogen testing to
identify CF heterozygotes demonstrates that even carriers have
sufficient pancreatic duct blockage to cause an elevation of
blood trypsinogen levels.10 Perhaps the CF patient in our study
with only one identifiable CFTR mutation, a positive sweat
test, and mild symptoms could be a symptomatic heterozygote.
Other possibilities are that he has a second mutation undetec-
ted by this assay or he could have a mutation in another gene
contributing to his abnormal sweat chloride measurement and
mild symptoms. Continued use of the sequencing assay may
shed light on this important issue.

Extensive sequencing of the CFTR gene will provide vital
information for CF families when both CFTR mutations have
not been identified by standard screening panels. The ability to
selectively sequence single amplicons allows carrier detection
and prenatal diagnoses for families with rare mutations not
identified by standard screening programs. An unexpected
benefit of single amplicon sequencing has been the ability to
investigate ambiguous and unusual results obtained in the
routine screening program, allowing us to prevent diagnostic
errors.

Extensive sequencing of CFTR
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Because the cost of performing extensive sequencing for the
entire CFTR gene is more than $2000, the test is designed only
for CF patients, for relatives of known CF patients when the
proband is unavailable for testing, and for clinicians to resolve
diagnostic dilemmas in patients with equivocal clinical and/or
laboratory findings. When a sequencing assay is ordered, a
genetic counselor confirms the indication so that the inadver-
tent use of this test for carrier testing is prevented. Another
reason to avoid extensive sequencing for carrier detection is the
potential of finding novel missense mutations or rare muta-
tions listed in the CF database that are not truly CF mutations.
The discovery that the I148T and D1270N mutations are likely
to be polymorphisms and not causative CF mutations points
out the danger in assuming that all mutations listed in the CF
database are causative mutations.

Extensive sequencing is not intended for use in carrier
screening programs. When ambiguities are found in carrier
screening, one does not need to sequence the entire CFTR.
Single exon sequencing is appropriate in this instance at a com-
parable cost to the initial screen or an IVS8 reflex polymor-
phism test. Single exon sequencing can also be used for prena-
tal diagnosis and carrier detection for extended family
members once a rare mutation has been identified.

A new use for single exon sequencing is the recent observa-
tion that I148T is only a CF chromosome in a haplotype that
includes the 9T IVS8 polymorphism and 3199del6.11 In pa-
tients with I148T and 9T, single exon sequencing can deter-
mine whether 3199del6 is present. Other uses may become
apparent with continued investigation of data derived from CF
carrier screening programs.

The combination of extensive sequencing and single exon
sequencing allows optimum flexibility for the laboratory and
clinician to provide state-of-the-art information to their
patients.
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