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CFTR2: How will it help care?
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S U M M A R Y

The Clinical and Functional Translation of CFTR (CFTR2) project presents a novel approach to clinical and

functional annotation of mutations identified in disease-causing genes. Phenotype and genotype

information on approximately 40,000 cystic fibrosis (CF) patients were collected from registries and

large clinics. The disease-liability of the 160 most frequently reported mutations was evaluated by

means of a multistage process which involved clinical (sweat chloride average), functional (expression in

cell-based systems) and epidemiological (mutation analysis in obligate heterozygotes) steps. The results

of this analysis can be consulted in a dedicated website. Data originated by CFTR2 may be valuable in

several facets of CF care, including diagnosis, newborn screening, carrier testing, genotype/phenotype

correlation and mutation-specific therapeutics.

� 2013 Elsevier Ltd. All rights reserved.
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WHY CFTR2 WAS NEEDED

Almost 2,000 mutations of the Cystic Fibrosis (CF) Transmem-
brane Regulator (CFTR) gene are reported in the CF Mutation
Database (CFMD) (www.genet.sickkids.on.ca), which since 1989
has been collecting information about mutations in the CFTR gene.
Most of them have been detected or are reported in one or only a
few individuals. Not all of these mutations are associated with CF:
in fact, they are extremely heterogeneous in their clinical impact,
ranging from the absence of clinical manifestations to fully
expressed CF.
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Only a set of twenty-three of these mutations have been included
in the American College of Medical Genetics (ACMG) panel on
screening for CF.1 Though this represents a small percentage of the
total number of variations in the gene these mutations are the most
frequently detected in CF patients and altogether represent
approximately 85% of the affected alleles. This percentage varies
considerably according to geographic and/or ethnic origin.

In addition to the ACMG panel, insertions/deletions and nonsense
mutations, which are predicted to introduce a premature termina-
tion codon (PTC), are usually considered likely to have severe
functional repercussions on CFTR function, and to cause CF as well.2,3

However, strong clinical evidence supporting such assumption is
often unavailable, mainly due to the rareness of many of them.

Similar assumptions on disease liability cannot be made for
missense mutations, which are most frequently detected in the
CFTR gene. The lack of both empiric evidence and a consistent
pathogenic molecular mechanism makes it almost impossible to
predict their potential for causing CF.

These limitations in the understanding of the disease-causing
capability of most CFTR mutations affect in different ways
sensitivity and specificity of carrier testing, newborn screening,
and in general CF diagnosis.

The Clinical and Functional TRanslation of CFTR (CFTR2) project
was initiated to assess the disease-liability of a greater number of
CFTR mutations, and expand the number of known CF-causing
mutations.4

HOW CFTR2 WAS CREATED

To achieve this goal, CFTR2 collected clinical and genetic data on
almost 40,000 CF patients from 25 European and North-American
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datasets, namely CF registries and CF Centres. Data managers
were left free to choose whether to contribute information on all
their patients, or just on those carrying at least one mutation not
included in the ACMG panel. Patients’ mutations were available
for approximately 70,000 alleles, while data on sweat
chloride, lung function and pancreatic status (pancreatic
sufficiency/insufficiency) could be analyzed respectively in
about 25,000, 23,000 and 30,000 patients. Altogether 160
mutations were reported in at least 9 alleles, which was
considered the minimum number in order to collect enough
clinical information with no risks of identifiability of single
individuals.

These 160 were examined by means of a multistage process
which involved clinical, functional and epidemiological
steps.

The clinical evaluation focused on sweat chloride data. Sweat
test remains the gold standard for diagnosing CF, and provides
standardised and consistent results.5,6 Hence, the parameter
selected to support the presumption that a specific mutation
would be CF-causing was an average sweat chloride above 60
mmol/L in patients carrying a known-CF causing mutation on the
other allele.

As mentioned, further clinical information was available for a
substantial subset of patients reported to CFTR2, mainly
anthropometric measurements and data on pulmonary function,
Pseudomonas aeruginosa infection, and pancreatic status. Unfor-
tunately, pancreatic status can be subject to ascertainment bias,
as the faecal elastase or chymotrypsin tests were not always
performed to assess it. Similar concerns about reliability and
interpretation of disease manifestations, and the fact that they
are time dependent (especially Pseudomonas infection and
lung function) and variably penetrant, prevented the CFTR2
team from using them to estimate the disease causing potential
of the mutations under study. Although not used to assess
disease liability, clinical data are reported in the CFTR2
website.

The functional assessment followed different paths depending
on the type of mutation. Mutations introducing a downstream
PTC, like large gene deletions, nonsense mutations, frameshift
mutations and canonical splicing mutations are expected to be
associated with nonsense mediated RNA decay, which in turn
prevents the production of functioning protein. They were
assumed to be CF-causing. The same assumption could not be
made for missense mutations, in-frame deletions, or mutations
that affect splice efficeincy which underwent a complex
procedure aimed at evaluating their functional performance.
Shortly, these mutations were expressed in experimental cell
lines (HeLa cells to asssess protein processing and maturation,
Fischer Rat Thyroid (FRT) cell lines to assess CFTR dependent
chloride current, and Human Embryonic Kidney 293 cells to assess
splicing). Mutations were deemed CF-causing if they resulted in a
significant difference from control cell lines expressing wild type
CFTR.4

The genetic epidemiology evaluation was performed on DNA
samples of more than 2,000 fathers of children with CF. The fathers’
CFTR alleles went through a thorough molecular analysis, based on
the assumption that a healthy obligate heterozygote, like a parent
of a child with CF, will carry only one CF-causing mutation. Hence,
any other mutation detected, should not cause CF. When a further
mutation was detected, analysis on the child made clear whether it
was in cis or in trans with the already known mutation. Only male
parents were included in this part of the study, because their
fatherhood made it possible to exclude milder forms of disease like
Congenital Bilateral Absence of the Vas Deferens.

Clinical, functional and epidemiological results were all
considered in the assessment of disease liability.
Please cite this article in press as: Castellani C. CFTR2: How will it he
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CFTR2 considered CF-causing a mutation which complied with
the following three criteria:

a) the mutation showed an average sweat chloride above
60 mmol/L in patients carrying that mutation in trans with a
known CF causing mutation

b) the mutation introduced a PTC, caused impaired protein
processing, produced low short circuit current measurements,
or substantially affected CFTR splicing.

c) the mutation was not detected in trans with a CF-causing
mutation in fathers of children with CF.

CFTR2 considered non CF-causing (neutral) a mutation which
complied with the following two criteria:

a) the mutation had not been labelled CF causing in CFTR2
b) the mutation was detected in trans with a CF-causing mutation

in at least 2 fathers of children with CF.

The CFTR2 project is partially supported by Grant Number
5R37DK044003 from the National Library of Medicine, National
Institutes of Health and by funding from the US Cystic Fibrosis
Foundation.

HOW CFTR2 WORKS

Data on the 160 mutations collected and assessed by CFTR2 can
be consulted in a dedicated website (http://cftr2.org), which was
designed to provide information to patients, researchers, and the
general public. The website is split between a ‘‘public’’ side with
general language and less specific information about mutation
variability and a ‘‘scientific’’ side, though both sides are accessible.

CFTR mutations in the website are clustered into four groups
according to their predicted clinical consequences:

� CF-causing mutation: the mutation, when in trans with another
CF-causing mutation, will result in CF.
� Non CF-causing mutation: the mutation on its own and not part

of a complex allele, when in trans with another CF-causing
mutation, will not result in CF.
� Mutation of varying clinical consequence: the mutation, when in

trans with another CF causing mutation, can either result in CF, or
in a CFTR related disorder, or in no disease. CFTR related
disorders are conditions which often involve isolated organs, like
congenital absence of the vas deferens or chronic pancreatitis,
and are not clearly associated with severe life-shortening lung
disease.2,7

� Mutation of unknown clinical significance: mutations that have
not been fully analyzed yet.

The clinical data of CFTR2 patients carrying at least one of the
160 mutations reported in the website are:

� average age;
� average sweat chloride value at the time of diagnosis;
� a range of FEV1 percent predicted values for three age groups

(<10 years, 10 to 20 years, > 20 years);
� percentage of patients whose sputum culture was positive for

Pseudomonas aeruginosa at the time the information was
collected;
� percentage of pancreatic insufficient individuals.

The phenotype statistics are segmented in clusters that allow
one to search for clinical information pertaining to a specific
mutation in trans with F508del, or with one of the ACMG panel
lp care?. Paediatr. Respir. Rev. (2013), http://dx.doi.org/10.1016/
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mutations, or with mutations associated with pancreatic insuffi-
ciency, or with every mutation listed in the CFTR2 database.

HOW CFTR2 HELPS CARE

Diagnostic testing

The importance of making a correct diagnosis of CF can hardly
be overestimated.

Sweat chloride determination is a reliable test, but cannot solve
all diagnostic controversies. In a subset of CF patients sweat
chloride concentrations are below the diagnostic threshold of
60 mmol/L. Besides, the test may be impeded by insufficient sweat
collection, particularly in neonates, or simply impossible to
perform, like in prenatal diagnosis, where the only reliable test
is molecular analysis.

Genetic analysis is a useful complementary or alternative
diagnostic tool, whose usefulness is limited by the high number of
mutations of unknown clinical liability.2,8 The substantial increase
in the number of CF-causing mutations generated by the CFTR2
project has meaningfully improved the diagnostic potential of
genetic analysis.

The degree of such improvement varies among geographical
areas, depending on the local mutation distribution.9 The CFTR2
database does not include the information to quantify for each
country/region the gain in detection rates permitted by the newly
labeled CF causing mutations. This can be easily calculated locally
if the mutation distribution in the patient population is known.
Ideally, this information should be communicated to CFTR2, which
can make it available to a large number of users.

Neonatal screening

Mutation analysis is not only used for diagnosing CF, but also for
selecting high risk subpopulations in Newborn Screening (NBS),
which is nowadays the most widely adopted strategy for detecting
infants with CF.10 All NBS protocols rely on the immunoreactive
trypsinogen (IRT) assay as the primary test and on sweat test for
confirming or excluding the diagnosis of CF. In order to achieve an
acceptable combination of sensitivity and specificity, most
programmes use an intermediate tier consisting of genetic analysis
on the blood spots of neonates with elevated IRT values.11 The
information produced by the CFTR2 project allows expanding
these panels, thereby improving the sensitivity of the system.
Specificity can be enhanced as well, by removing mutations from
testing panels which are not consistently causing CF.

Regrettably, even including in panels only CF-causing muta-
tions, NBS detects a subset of neonates with elevated IRT results,
one mutation, and borderline sweat test results. Subsequent
investigations by gene sequencing often detect a second mutation
with unclear diagnostic implications. This condition has been
named ‘‘CFTR related metabolic syndrome’’ (CRMS),12 and is an
uncommon but not rare event: in the US the 2009 ratio between
new diagnoses of CF and of CRMS was 3.8:1.13

A CRMS diagnosis involves further evaluation and prolonged
clinical observation, and eventually a fraction of these children
may develop symptoms and be diagnosed with a CFTR related
disorder or even with CF.

In this setting the better understanding of mutations clinical
liabilty realized by CFTR2 is expected to provide earlier answers to
parents.

Carrier testing and screening

Genetic analysis is usually recommended in relatives of
patients with CF. Molecular testing in individuals with a family
Please cite this article in press as: Castellani C. CFTR2: How will it he
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history of CF is usually effective, since the mutant alleles of the
affected proband are likely to be known.

Carrier testing can also be proposed to people whose a priori

carrier risk is not raised, in the context either of individual tests or
of a structured carrier screening programme. In fact, although
widespread population testing for CF remains a controversial issue,
in the latest years the offer of CF carrier tests to individuals and
couples from the general population has been steadily growing.14

Like in NBS, the key factors to maximize the accuracy of a carrier
screening programme are adapting the mutation panels to the
target population, and including only evidently CF-causing
mutations. In Europe, median CF birth prevalence is around 1/
3,500, and the a priori risk of being a CF carrier for someone with no
family history of CF is 1/30. Screening with a mutation detection
sensitivity of 90% would decrease the residual risk of having a CF
child by a factor of about 100 in 94% of tested couples, which is
equivalent to the birth prevalence of very rare genetic disorders
(14). CFTR2 permits to aim for similar sensitivities in several
countries.

Genotype/phenotype correlation

The CFTR2 project has produced a remarkable amount of data
from a number of CF patients never collected before. The website
provides information on phenotypes related to many mutations,
which will certainly be useful from an epidemiological perspective,
but have to be regarded with circumspection when single
individuals are considered.

Interpretation of individual genotype/phenotype correlation is
hindered by undetected CFTR factors like extra changes of
sequence, intragenic modifiers, and complex alleles. Also non
CFTR factors such as modifier genes and environmental circum-
stances (including the beneficial and harmful effects of treatment)
contribute to variability in phenotype in patients carrying the same
genotype.2 Moreover, the relative impact of CFTR genotype on
clinical phenotype is organ specific. The correlation between CFTR

genotype and pancreatic status is strong, but not absolute, as some
mutations may be associated with either pancreatic sufficiency or
insufficiency, or the pancreatic phenotype may progress from
sufficiency to insufficiency.

The lung has the greatest variability of disease severity of all
organs involved in CF. Patients homozygous for F508del exhibit an
extremely wide range of severity of pulmonary disease.2 Similar
considerations apply also to the other CF-causing mutations, making
it impossible to predict progression of lung disease and therefore
survival in individual patients based only on CFTR genotype.

In consideration of these limitations, CFTR2 phenotype data
connected to specific mutations should not be used to predict the
clinical course of individual patients.

New therapies

Data collected for CFTR2 can potentially have original implica-
tions for future therapeutic approaches. Mutations analysis and
cell culture based testing will provide which mutations may be
amenable to available and future therapeutics designed to correct
the underlying defect of mutated CFTR. Data on the relationship
between CFTR chloride channel current with sweat chloride
concentration and pulmonary function may be of use to quantify
repair of CFTR function needed to prevent or discontinue the
development of clinical manifestations of disease.

FUTURE DEVELOPMENTS

The original CFTR2 dataset has been collected in 2008. Since
then the growing of the CF population and the expanding use of
lp care?. Paediatr. Respir. Rev. (2013), http://dx.doi.org/10.1016/
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sequencing have contributed to an increase in the pool of relevant
data. Further data collections with special consideration for areas
which were not previously included and can harbour less known
mutations, like Latin America and the Middle East, may improve
the definition of the clinical data so far available and increase the
number of mutations with a better defined clinical liability. The list
of CF causing and non-CF causing mutations could prompt re-
investigation of patients with CF but incompletely genotyped to
identify the causative mutation.
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