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Patients develop cystic fibrosis because of a variety
of homozygous recessive mutations , including sin-
gle nucleotide polymorphisms, insertions , and de-
letions, in the cystic fibrosis transmembrane regulator
(CFTR) gene, or because of compound heterozygosity
for two mutations in the CFTR gene. A false determi-
nation of homozygosity for a particular CFTR muta-
tion could negatively affect both carrier screens for a
patient’s family as well as researchers’ ability to study
the physiological implications of a particular muta-
tion. We argued previously that homozygosity for
rare or novel mutations in the CFTR gene could result
from a mutation on one allele and the presence of a
large deletion encompassing the same sequence re-
gion on the second allele. We present here a patient
with classic cystic fibrosis who has a novel microde-
letion in exon 7 on one allele and a large deletion
encompassing exon 7 on the second allele. These data
highlight the need to prevent misdiagnosis of ho-
mozygous mutations, which can lead to misinterpre-
tation of mutation penetrance and its effects on
protein function. (J Mol Diagn 2009, 11:253–256; DOI:
10.2353/jmoldx.2009.080117)

The majority of cystic fibrosis transmembrane conduc-
tance regulator (CFTR) mutations are accounted for by
single nucleotide polymorphisms and small base pair
insertions and deletions.1 When less than two CFTR mu-
tations are discovered by mutation and sequence analy-
sis, however, rearrangements in the CFTR gene are an-
alyzed. This analysis is becoming a routine part of the
molecular evaluation of patients with classic cystic fibro-
sis (CF).2–5 To date, �40 separate large deletions and
duplications have been described in the CFTR gene

(http://www.genet.sickkids.on.ca/cftr/app, accessed Nov
27, 2008). Some of these have been detected repeatedly
in certain populations sharing identical breakpoints, sug-
gesting these are founder rearrangements.4,6 The fre-
quency of individual rearrangement types among the 40
known rearrangements is yet to be determined, with
the exception of the CFTRdele2,3 (21 kb), which ac-
counts for �4% of CF chromosomes in people of Slavic
origin and 0.2% of CF chromosomes in the United
States population.7

When standard molecular analysis reveals apparent
homozygosity for a rare CFTR mutation, it is essential to
determine whether this is true homozygosity. Homozy-
gosity for �F508 mutations is common in CF patients of
certain ethnic backgrounds, present in �68% of CF chro-
mosomes in Caucasians and in �36% of CF chromo-
somes of Ashkenazi Jews.1,8 True homozygosity for
CFTR mutations can also result from consanguinity, a
common practice in certain parts of the world. On the
other hand, apparent homozygosity can be a result of
allele dropout9 because of the presence of polymor-
phisms that influence primer binding. We previously sug-
gested that apparent homozygous mutations in the CFTR
gene, especially rare or novel ones, can also be caused
by the presence of a large deletion on one chromosome
encompassing the location of the mutation.4,10

Distinguishing true homozygosity from apparent ho-
mozygosity has important implications not just for genetic
counseling of the patient and family members, but also
for prenatal diagnosis and preimplantation genetic diag-
nosis. Not testing for large deletions in an individual with
apparent homozygosity for a mutated CFTR allele could
result in false-negative carrier screens in any at-risk fam-
ily members who test negative for the mutation.
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Patients with homozygous CFTR mutations are studied
to understand physiological implications of CFTR muta-
tions11 or to examine the role of modifier genes.12–14

Assessing true homozygosity for mutations will reduce
complications that might affect interpretation of such
studies. The stepwise approach for studying homozy-
gous CFTR mutation genotypes described by Stanke and
colleagues,11 in which frequent mutations were screened
for first, followed by more extensive analysis using DNA
sequencing and detection of rearrangements, is an ex-
ample for comprehensive analysis for CFTR mutations in
CF patients. On the other hand, patients with missense
mutations that are thought to be disease-causing can
harbor undetected CFTR deletions that are more likely to
cause disease.4 We describe here a patient with an
apparent novel homozygous mutation in the CFTR exon 7
that was resolved to be in compound heterozygosity with
a large deletion.

Patient

The proband is a 19-year-old Caucasian female with
clinical symptoms of classic CF and sweat chlorides of 90
and 87 mmol/L (normal range, �40 mmol/L). She was
initially tested in 1999 with a CFTR mutation panel, and no
mutations were found. Unfortunately, we do not have
information on the CFTR mutation panel because the test
was performed at a different laboratory, and the ordering
physician did not provide additional information. The or-
dering physician recently submitted her blood sample to
our laboratory for a comprehensive CFTR analysis that
includes extensive sequencing analysis of the CFTR
gene and detection of CFTR exon deletions/duplications.

Materials and Methods

DNA was extracted from whole blood using a standard
Qiagen (Valencia, CA) protocol and was analyzed by
DNA sequencing of the promoter and all coding exons of
the CFTR gene, as described previously,15,16 and by
semiquantitative fluorescent polymerase chain reaction
(SQF PCR) for detection of exon deletions/duplications.4

For the latter method, briefly, fragments representing the
promoter and all CFTR coding exons and internal controls
(amplified from factor II, factor V, and hexosaminidase
genes4), were amplified in a single multiplex PCR reac-
tion using fluorescently labeled primers. Fragments were
separated by size and analyzed using the ABI 3100
(Applied Biosystems, Foster City, CA) as previously de-
scribed.4 DNA sequencing results were analyzed using
SeqScape software; SQF PCR results were analyzed us-
ing GeneMapper software (both from Applied Biosys-
tems). Dosage equivalents were calculated using the
area under the peak of each fragment and normalized to
each internal control fragment. The normalized fragment
from each patient was then divided by the corresponding
normalized fragment from a normal control. The equation
to calculate dosage equivalents is

(P AUP Ex X)/(P AUP IC1)
(NC AUP Ex X)/(NC AUP IC1)

where IC1 is internal control 1 fragment, NC is normal
control, P is patient, and AUP is area under peak. The
average results from normalization using three internal
control fragments for each exon is recorded. All samples
were analyzed in duplicates and the patient sample was
analyzed twice.

Results and Discussion

Examining the electropherograms from a normal (Figure
1A) and the patient’s sample (Figure 1B) indicated the
presence of an apparent homozygous deletion of exon 7,
as no exon 7 fragment was present; all other fragments of
the CFTR exons were amplified. Furthermore, the pa-
tient’s DNA seemed to harbor a deletion extending from
exon 4 to exon 10. The complete absence of the exon 7
fragment was surprising, and we suspected either i) an
insertion or a deletion within exon 7 affecting its size, ii) a
deletion removing exon 7, or iii) a mutation/polymorphism
within the primer binding sites for exon 7. Further exam-
ination of the electropherograms also revealed the pres-
ence of an increased dosage of exon 19 (dosage equiv-
alent � 1.73). Interestingly, the peak for exon 19 was
broader than normal, but closer examination of the elec-
tropherogram suggested the presence of two very
closely migrating fragments within exon 19 bin. We rea-
soned that one exon 7 allele harbored a deletion of �20
bp that shifted the amplified exon 7 fragment to within the
range of exon 19. Therefore, exon 19 is normal but ap-
pears duplicated because of the presence of the exon
7-related fragment.

Figure 1. Detection of compound heterozygosity for CF 40-kb del 4-10/
1220del20. A: Partial view of the SQF PCR results of a normal electrophero-
gram. Numbers on the bottom indicate the exon. B: Partial view of the SQF
PCR results of the patient’s electropherogram. Numbers inside the panel
show dosage equivalent of exons relative to the normal sample in A. Exons
4, 6b, 8, and 10 show a deletion, whereas exon 19 shows an apparent
duplication. Exon 7 is absent, whereas exons 1, 13, and 15 show normal
dosage.
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Based on the above information, it appeared that the
patient harbored two mutations, a deletion of exons
4-10 on one allele, which has been reported previously
as CF 40-kb del 4-10,17 and a deletion of �20 bp in
exon 7 on the second allele. We confirmed the pres-
ence the CF 40-kb del 4-10 deletion in the patient’s
DNA using primers that amplify the junction fragment
(Figure 2A) as described by Ferec and colleagues.6

Furthermore, as shown in Figure 2A, amplification of
exon 7 using primers described previously15 showed a
faster migrating exon 7-related fragment from the pa-
tient’s DNA, compared with normal control. No normal
migrating exon 7 fragment was amplified from the pa-
tient’s DNA, confirming the apparent homozygosity for
the exon 7 fragment.

Comprehensive DNA sequencing of the patient’s CFTR
coding exons confirmed our analysis and showed a de-
letion of 20 bp, leading to the generation of a TGA stop
codon immediately at the point of the deletion site (Figure
2B). This would result in a CFTR protein lacking the
nucleotide-binding domain 1 and beyond. We designate
the mutation c1220del20. Therefore, because the CF

40-kb del 4-10 deletion encompassed exon 7, the novel
c1220del20 microdeletion in exon 7 on the other allele
appeared homozygous.

This observation that apparent homozygosity for a rare
mutation in the CFTR gene was caused by the presence
of a large deletion confirms our initial suspicions that
such patients can be compound heterozygotes for a
rearrangement rather than homozygous for a rare muta-
tion. Interpretation of mutation penetrance, segregation
within family and effects on protein function, cannot be
made with absolute confidence until the true nature of the
patient’s CFTR mutation is determined, and this requires
both extensive sequencing and deletion/duplication anal-
ysis in these cases.

Family studies can also be extremely helpful in these
instances for proper genetic and parental counseling, but
in this case family members were not available for anal-
ysis. Current testing with the American College of Medi-
cal Genetics-recommended mutation panel18 would ob-
viously miss both mutations described here, but now that
both mutations are identified, relatives of the proband
can be tested for the mutations using single exon se-
quencing for the c1220del20, and deletion-duplication
analysis or junction fragment amplification for the CF
40-kb del 4-10.

The detection of deletions and duplications in the
CFTR gene is becoming more routine as newer method-
ologies and software algorithms are developed to re-
place the laborious Southern blot analysis.4,5,19 Other
methods have already been developed for other genes
such as exon arrays,20 capillary electrophoresis,21,22

SNP arrays,23 and oligo-microarrays.24–26 Facilitating
easier and faster methods for detection of CFTR rear-
rangements will make identification of large rearrange-
ment more feasible. The actual frequency of CFTR re-
arrangements is not yet fully known, and it will vary
depending on the population screened and geograph-
ical regions analyzed, but is generally thought to ac-
count of less than 2% of CF chromosomes.3,27 How-
ever, this value might increase if more cases of
apparent homozygosity, like the one presented here,
are resolved to be because of a large deletion, or
apparent pathogenic missense mutations are shown to
be present in cis with a large deletion/duplication. Uti-
lization of rapid high throughput methods will facilitate
identification of such rearrangements and determina-
tion of their actual frequency in patients and in the
general population.

In conclusion, comprehensive mutation analysis using
DNA sequencing and exon deletions/duplications is im-
portant to resolve apparent homozygosity for novel and
rare mutations. Because some of the mutations tested
with the American College of Medical Genetics panel can
be considered rare,28 apparent homozygosity for these
mutations would benefit from re-examination for the
presence of large exon deletions. This case also dem-
onstrates the utility of re-examining older unresolved
CFTR patient cases, in this case 9 years after initial
examination.

Figure 2. Confirmation of compound heterozygosity for CF 40-kb del 4-10/
1220del20. A: Agarose gel electrophoresis showing detection of CF 40-kb del
4-10 in the patient (lane P, arrow) but not in the normal control (lane C)
using primers described elsewhere.5 The upper fragments shown are for
exon 7 amplicons; notice the slightly faster migration of the apparent ho-
mozygous exon 7 (one amplicon) from the patient compared with the
control. Lane S, 50-bp size standard. B: DNA sequencing of exon 7 traces
(forward, F, and reverse, R) from a normal patient (control, top) and patient
(bottom). The 20-bp apparent homozygous deletion in the patient’s elec-
tropherogram is marked by green dashes. The arrow shows the junction of
the 20-bp deletion. The bar in the bottom panel points toward the TGA stop
codon at the deletion junction.

Homozygous Rave Mutations in CF 255
JMD May 2009, Vol. 11, No. 3



Acknowledgments

We thank the reviewers for their very helpful comments on
our manuscript.

References

1. Cutting GR: Cystic Fibrosis. Principles and Practice of Medical Ge-
netics. Edited by DL Rimoin, JM Connor, RE Pyeritz and BR Korf.
London, Churchill Livingstone, 2002, pp 2685–2717
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