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Abstract

Genetics is the branch of biology concerned with study of individual genes and how they work
whereas genomics is involved with the analysis of all genes and their interactions. Both of these
approaches have been applied extensively to CF. Identification of the CFTR gene initiated the
dissection of CF genetics at the molecular level. Subsequently, thousands of variants were found in
the gene and the functional consequences of a subset have been studied in detail. The completion
of the human genome ushered in a new phase of study where the role of genes beyond CFTR
could be evaluated for their contribution to the severity of CF. This will be a brief overview of the
contribution of these complementary methods to our understanding of CF pathogenesis.

Keywords
Cystic fibrosis; CFTR, Genetic modifiers; Linkage; Association

1. Background

Since the discovery of Cystic Fibrosis Transmembrane Conductance Regulator ( CFTR)
gene in 1989 [1-3], the CF Mutation Database (CFMD available at http://
www.genet.sickkids.on.ca/cftr/) has been a valuable repository for DNA variants. As of
2019, 2065 variants in the CFTR gene have been inventoried by the CFMD. These variants
have a plethora of effects upon gene function (Fig. 1). Nearly 40% of the reported missense
variants are predicted to alter a single amino acid and should therefore allow CFTR protein
to be synthesized, although it may be misfolded and/or dysfunctional. Extensive studies of
the consequences of missense variants have been performed that are summarized in reviews
elsewhere [4-8]. It should be noted that a small fraction of predicted missense variants also
affect splicing of the CFTR mRNA producing transcript [9-11]. In such situations, if CFTR
protein is predicted to be synthesized, it may be altered in quantity or its sequence may be
different than predicted from the single amino acid change. Another 35% of variants
(nonsense, frameshift, canonical splice site) introduce a premature termination codon (PTC)
that generally leads to mRNA degradation, and substantially reduced levels of unstable
truncated CFTR protein that is rapidly degraded. Interestingly, there is considerable inter-
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individual and intra-individual variability in mMRNA degradation of PTC variants [12].
Additionally, the introduced PTC may lead to the production of a stable truncated protein
that has altered function [13,14]. The remaining variants (5%) consist of gain or loss of
DNA sequence which involves the insertion or deletion of one or a few amino acids to many
amino acids. Among these is F508del, a three nucleotide deletion that leads to the omission
of a phenylalanine residue at codon 508. The F508del is the most common disease causing
variant with a frequency of about 70% in CF population. Most of the remaining 20% of
CFTR variants have either benign effects on CFTR functionor of unknown effect. It should
be kept in mind that variants reported to CFMD were found in a variety of situations;
diagnosis of individuals who have CF, testing of individuals who have features of CF (but
may not have CF) and sequencing of CFT7R for other reasons.

Thus, only a fraction of the CFMD variants cause CF and the status of many other variants is
unclear.

2. CFTR2: assigning disease liability of CFTR variants

To define exactly which CFTR variants cause CF, a project was started in the late 1990s
called the Clinical and Functional Translation of CFTR, or CFTR2. This effort was designed
to collect all CFTR variants reported in individuals who have been diagnosed with CF by a
medical professional and attend a CF clinic or are enrolled in a CF Patient Registry. The
nearly 90,000 individuals recruited by the CFTR2 project world-wide carry 1640 different
CFTRvariants. Most of these variants are rare, occurring in only one or a few individuals.
However, ~520 occur in three or more individuals worldwide of which 159 achieve a
frequency greater than 0.01% among individuals enrolled in CFTR2. The 159 variants were
characterized using a three-step process that evaluates 1) clinical features, 2) penetrance in
CF carriers and 3) functional consequences and to assign disease liability [15]. Using this
approach, the CFTR2 team is in the process of interpreting the next 361 variants to reach a
goal of 520 characterized variants. As of July 2019, a total of 412 variants have been
interpreted and posted to the CFTR2 website (https://cftr2.org/).

Since CFTR variants have been associated with a spectrum of conditions ranging from
classic CF to “‘monosymptomatic’ conditions, it is essential that specific and reliable clinical
metrics be used for the differential diagnosis [4,16]. The French CF database elected to
distinguish CF from other disorders related to CFTR dysfunction thereby providing variant
classifications that cover the phenotypic spectrum [17]. The potential for certain variants to
give rise to several conditions is elegantly illustrated by this approach. An alternative,
undertaken by the CFTR2 project, is to define CF in relatively narrow terms and limit
interpretation to only those individuals determined to have CF. To implement this approach,
the CFTR2 team defined CF as a lifelimiting disorder involving the lungs and pancreas that
is accompanied by a sweat chloride concentration of 60 mM or higher. At least three
individuals meeting this definition were required in order to qualify a variant as ‘CF-
causing’ from a clinical perspective. Whenever possible, the CFTR2 team incorporates
penetrance evidence from CF heterozygote studies. In practice, presence of a variant in the
‘healthy’ CFTR gene of a CF carrier (generally parents of individuals with CF) is taken as
evidence that the variant does not cause CF. While this approach was used for the 159 most
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common variants [15], applying the same method is more challenging for rare variants due
to the difficulty of locating carriers of rare variants.

Consequently, the CFTR2 project consults the genome aggregation (gnomAD) database of
DNA variants occurring in healthy individuals (https://gnomad.broadinstitute.org/) toassess
pathogenicityof rarevariants.

3. Assessment of chloride channel function in cell line models expressing
CFTR variants

Functional assessment has been a gold standard for establish-ing pathogenicity of DNA
variants. CFTR variants can be parsed into two broad groups; those that are predicted to
allow protein synthesis and those that aren’t. Before the initiation of the CFTR2 project,
only a few dozen CFTR variants had undergone testing due to the time and resource
intensive aspects of functional assays. The discovery of a CFTR-specific inhibitor [18],
standard-ization of primary cell culture [19], and the development of molecular systems that
enable rapid selection of isogenic cell lines expressing single copies of cDNAs [8] facilitated
functional testing using cell lines on all variants predicted to produce CFTR protein that
have been annotated by CFTR2 [15,20-22]. Impor-tantly, epithelial cells obtained from the
lungs, nasal passages and rectum of individuals bearing a subset of the CFTR2 variants have
been assessed for CFTR-mediated chloride transport thereby providing correlation with
variant forms of CFTR in anative setting [23].

Given the large number of variants to be tested, the U.S. CF Foundation has sponsored a
highthroughput approach to functional and modulator testing using the combined efforts of
laboratories at UT Southwestern, Rosalind Franklin (Chicago) and the CF Therapeutics Lab
in Boston. It should be noted that quite a few of the variants cause minimum to no effect on
CFTR function, indicating that they are likely benign variants. There are also situations
where CFTR variants alter other functions of CFTR like bicarbonate transport that are not
routinely assayed [24]. Furthermore, the combination of two or more variants in the same
CFTR gene (a.k.a. complex alleles) present a particular challenge [25-28]. There are over
120 complex alleles already recorded in CFTR and more are likely tobe discovered as
sequencing of the entire CFTR gene becomes routine. Although these variants of ‘variable
clinical consequence’ represent only 5% of all CFTR variants interpreted thus far, they can
create substantial challenges when trying to establish a diagnosis of CF.

4. Evaluation of modulator response in cell line models expressing CFTR

variants

Creation of cell lines expressing many of the CFTR2 variants has also facilitated testing
their response to currently available and newly developed CFTR modulators. Studies of
CFTR variants that permit synthesis of CFTR have indicated a correlation between the
amount of residual function and response to modulators, but it should be noted there are a
number of important exceptions [21]. Amongst the exceptions is the well-known variant
G551D which was an outstanding first target given that it is particularly responsive to the
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effects of the potentiator, Ivacaftor. Correlation between modulator effect and residual
function is also observed for the corrector Lumacaftor, and when the two modulators are
combined [21]. If the recent successes with the triple combination of modulators are
included [29,30], a promising picture emerges revealing that the vast majority of individuals
with CF should benefit from modulator therapy. The triple combination appears to produce
clinically relevant improvements in individuals who are homozygous of the common variant,
F508del, and individuals who carry one copy of F508del. It is also likely that the triple
combination will be effective for well-established residual function variants. A further 8% of
individuals with CF have already demonstrated clinically relevant response to the Ivacaftor
alone. Together, modulator therapy is expected to be clinically efficacious for 92% to 93% of
individuals with CF worldwide. Of those remaining, isogenic cell and organoid studies
reveal that ~300 variants are likely to be responsive to some degree to modulators, leaving
~500 mostly very rare variants that are undergoing testing as noted above. A final group of
almost 20 0 0 individuals ( ~3%) carry variants ineach CFTR gene for which there are no
treatments currently available. A minor fraction of this group carry variants that allow
productionof truncated protein that may be amenable to modulator treatment [13]. The
remainder carry variants that do not allow stable mMRNA and protein production that makes
them non-responsive to current modulator therapies. Individuals who carry these
nonresponsive variants in each CF7TR gene will require alternative therapies such as gene
editing or gene replacement [31].

5. Correlation of CFTR function with clinical features to inform precision

treatment in CF

With the unprecedented number of CFTR variants that have an assigned level of function, it
has been possible to perform detailed correlations of CFTR function with the severity of the
phenotype. Using function derived from 226 different combinations of CFTR variants and
clinical data of 54,671 individuals revealed a non-linear relationship between increases of
CFTR function and a response in the phenotype [22]. At very low levels of CFTR function,
minor increases in function cause disproportionately large improvements in clinical status
compared to the improvement observed at higher levels of function. The non-linear
relationship has important implications for treatment as it indicates that even minor
improvements in function for individuals with severe disease could produce a clinically
relevant change in outcome. Correlations between CFTR function and CF phenotype derived
from CFTR2 data can also aid in benchmarking efficacy of the modulator treatments. To
date, increases in function estimated from the effect of modulators matches quite well with
the clinical responses predicted from CFTR2 data [22]. Ongoing monitoring of these
response should be able to determine the degree to which CF is reversible when CFTR is
brought to a higher level of function by modulators.

6. Exploring the genetic architecture of CF traits through a genomic lens

While variants in the CFTR gene are responsible for the development of CF, they only
partially explain variation in the severity of disease. In general, variants that cause complete
or near complete loss of CFTR function results in severe features in the organ systems
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primarily affected in CF (i.e., lungs, pancreas, intestine and sweat gland). However, there
can be considerable intra- and inter- individual differences in the degree of organ
dysfunction. Soon after the discovery of the CFTR gene, it was realized that individuals who
were homozygous for the common F508del variant varied considerably in the severity of
lung disease, as measured by pulmonary function tests [32]. Individuals of the same age
were shown to have substantial variation in lung function, ranging from normal (i.e., 100%
FEV1% predicted) to life-threating (i.e., 20% FEV1% predicted). Subsequently, it was
shown that variants that allow residual CFTR function are associated with less severe lung
disease, although considerable variability among individuals was observed. Similar
observations were made regarding exocrine pancreatic disease although the degree of
variability among individuals was less pronounced, likely a consequence of severe
dysfunction (i.e., insufficiency) manifesting at birth or shortly thereafter. In contrast,
variation in lung function manifests over decades. These observations indicated that the
nature of the defect in the CFTR gene contributed to variation in severity, but other factors,
notably genetic and environmental modifiers are important determinants of phenotype
variability.

Estimating the effect of genetic and non-genetic factors to phenotype variability in humans
can be achieved by analysis of related individuals. The classic approach is to compare the
degree of similarity among twins who are monozygous (a.k.a., MZ; identical) to those who
are dizygous (a.k.a. DZ; fraternal). MZ twins share all (or nearly all) variants while DZ
twins share 50% of their variants onaverage. Thus, greater similarity of a trait among MZ
twin pairs compared to DZ twin pairs indicates that genetic variants contribute to variability
in the trait. This in turn translates into the concept of heritability; the degree to which
variation in a trait can be attributed to genetic factors. In this manner, twins who are both
affected with CF have been studied to deduce the degree to which genetic factors
independent of CFTR (as the CFTR variants are already shared by the twins) contribute to
organ disease severity. Studies of twins in Europe and the U.S. have elucidated the role and
quantified the contribution of genetic and non-genetic (environmental and stochastic) factors
to CF variability [33,34] (Fig. 2).

Establishing that modifier genes contribute substantially to variation of most features of CF
provided a compelling rationale to pursue the responsible specific genes and loci. A variety
of approaches have been used to decipher the contribution of variants in genes other than
CFTRto variability in CF (Fig. 2). Five loci were associated with variation in lung function
using genome-wide approaches [35,36]. These loci contain appealing biological candidates
genes such an epithelial cell amino acid transporter ( SLC6A14) that facilitates sodium and
chloride transport and can augment mutant CFTR function [37]. Other loci harbor tethered
lung mucins (MUC4 and MUCZ20), an epithelial brush border sodium/hydrogen exchanger
( SLCY9A3), and a transcription factor involved in lung epithelial maintenance ( EHF) [38].
Genome-wide association studies have identified six loci conferring risk for meconium ileus
harboring interesting candidates such the pancreatic serine protease 1 (PRSSI) and a
hydrogen/potassium exchanger driven by ATP hydrolysis ( ATP12A) [39,40]. Cystic
fibrosis-related diabetes appears to be modified by genes that play a role only in CF (e.g.
SLC26A9), and others that are risk factors for diabetes in CF as well as in the general
population (e.g., TCF7L2) [41,42].
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Several themes have emerged from modifier studies to date. First, risk variants for common
and rare diseases modify similar features in CF. Examples include CF-related diabetes and
type 2 diabetes, CF hepatic cirrhosis and AAT [43-45]. Second, gene-gene interactions have
been documented among modifier variants and CFTR variants [46,47], modifier variants in
different genes [48], and modifier variants and environment [49]. Third,gene sand their
variants have been found to modify multiple features of CF (a.k.a. pleiotropy). Examples
include SLC26A9associated with risk of neonatal intestinal obstruction and diabetes
[40,50],and SLC6A14that is a candidate for modifying lung function severity, age at first
infection with Pseudomonas aeruginosa and neonatal intestinal obstruction [51,52]. More
recenty, investigation of the genetic architecture, cellular distribution and regulatory regions
of SLC26A9 reveals that variation in the level of this gene modifies the age at onset of
diabetes in individuals with CF [53].

7. What may the future hold for CF from a genetic and genomic

perspective?

Complete assessment of variants that are responsible for CF and matching to efficacious
drug combinations should qualify the vast majority of individuals with CF for modulator
treatment. Intense effort s are underway to develop new approaches for those that carry
variants that produce CFTR recalcitrant to modulators or variants that do not permit the
synthesis of CFTR. A more complete understanding of the genetic architecture of CF traits
will maximize the utility of genomic approaches in disease screening, diagnosis, prognosis
and therapy. At this time, we do not know exactly which genes are affected by the associated
variants and their mechanism of action. Whole genome sequencing (WGS) is one approach
currently being used to explore loci identified by association analysis to identify DNA
variants that modify CF. An increased understanding of the mechanism underlying modifier
loci should facilitate the development of drugs that work for every individual with CF.
Future treatment may combine customized CFTR modulator therapy with drugs targeting
modifier loci to optimize outcomes for every individual with CF.

8. Summary

As of 2019, nearly 90,000 individuals recruited by the CFTR2 project world-wide carry
1640 different CFTR variants. The goal of the project is to assess the disease-liability of all
CFTRvariants and, as of late 2019, this has been completed for 412 of the most common
variants (https://cftr2.org/). Thenon-linearrelationshipbe-tween increases of CFTR function
and a response in the phenotype indicates that even minor improvements in function for
individuals with severe disease could produce a clinically relevant change in outcome. The
triple combination modulator therapy is expected to be clinically efficacious for ~ 93% of
individuals with CF worldwide. Individuals who carry non-responsive variants in each
CFTR gene will require alternative therapies. Gene modifier studies have estimated the
effect of genetic and non-genetic factor st opheno-ty pevariabilit y.Modifie rs oflung functio
n,meconi umile ussuscep-tibili tygene s,and modifiers of CFrelat eddiabet esha vebe eneluci-
dat edusi nggeno mewi deapproache s.Targeti ng ofmodifie rscould augme ntmodulat
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Fig. 1.

Genetic variants in CFTRand their impact on RNA and protein production. Only a portion
of CFTR gene is shown. Rectangular boxes are exons, dashed lines are either introns,
5'UTR or 3’"UTR, and dashed hashes are multiple exon-introns within CFTR gene. Please
note, only few nucleotides within each exon are shown. Dinucleotides, gt and ag, in black
letters represent consensus splice site signals. Alphabets in red beneath each exon or intron
represent nucleotide changes. Variant names are written beneath each nucleotide change.
Nonsense and frameshift variants can have heterogeneous effects on mRNA stability
depending upon their location [13]. Misfolded CFTR protein undergoes ER-associated
degradation via the ubiquitin—proteasome system. Fully glycosylated mature protein can be
dysfunctional due to impaired gating, conductance or reduced residence time at the cell
surface [4]. Missense variants predicted to make mature protein can undergo mis-splicing
resulting in no protein or immature dysfunctional CFTR protein [9-11]. *indicates in-frame
mis-spliced mMRNA may also generate mature but dysfunctional CFTR protein.
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