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In the past three decades, scientists have had immense success in identifying genes and their variants that contribute
to an array of diseases. While the identification of such genetic variants has informed our knowledge of the etiologic
bases of diseases, there continues to be a substantial gap in our understanding of the factors that modify disease
severity. Monogenic diseases provide an opportunity to identify modifiers as they have uniform etiology, detailed
phenotyping of affected individuals, and familial clustering. Cystic fibrosis (CF) is among the more common life-
shortening recessive disorders that displays wide variability in clinical features and survival. Considerable progress
has been made in elucidating the contribution of genetic and nongenetic factors to CE. Allelic variation in CFTR,
the gene responsible for CF, correlates with some aspects of the disease. However, lung function, neonatal intestinal
obstruction, diabetes, and anthropometry display strong genetic control independent of CFTR, and candidate gene
studies have revealed genetic modifiers underlying these traits. The application of genome-wide techniques holds
great promise for the identification of novel genetic variants responsible for the heritable features and complications
of CF. Since the genetic modifiers are known to alter the course of disease, their protein products become immediate

targets for therapeutic intervention.
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Overview

It is generally recognized that genetic, environmen-
tal, and stochastic factors contribute to phenotype
variation. However, the relative effect of each com-
ponent is difficult to assess, especially for common
diseases where a myriad of environmental factors
may play a role. Consider, for instance, the role of
drugs (an environmental factor) in the treatment
of diseases and the effect they can have in modi-
fying outcome. Parsing patient populations based
on multiple environmental exposures can lead to
substantial drops in power to detect the responsible
genetic variants. Despite the aforementioned chal-
lenges, progress has been made in dissecting genetic
and nongenetic factors underlying disease variabil-
ity for several of the more common Mendelian dis-
orders. The “monogenic” diseases provide unique
opportunities to dissect components as they each
have a single etiology, relatively uniform treatments,
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and the contribution of the disease-causing gene is
known to some degree.' In many cases, some por-
tion of phenotype variability can be associated with
the nature of the mutations in the disease-causing
gene. However, disease variability in patients bear-
ing the same combination of mutations emphasizes
the role of genetic background and environment,
which appears to be the rule rather than the excep-
tion.? Thus, the current challenge for many studying
monogenic disorders is to assess the relative contri-
bution of genetic factors distinct from the disease-
causing gene and to identify those genes that modify
outcome.’

Identification of such modifier genes increases
our understanding of the elements that affect dis-
ease variability and thereby identifies new targets
for therapy. Furthermore, it is possible that genes
that modify single-gene disorders contribute to the
development and/or progression of common dis-
eases in the general population. These genes may be
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minimally penetrant in healthy individuals, whereas
the altered homeostasis of patients with single-gene
disorders may unmask the effect of such modifiers.
Thus, the search for genetic modifiers of single-gene
disorders could benefit individuals beyond those af-
flicted with monogenic conditions. Finally, by their
very nature, single-gene disorders have one highly
penetrant disease-causing gene that could serve as a
starting point for modeling of gene—gene and gene—
environment interactions.

Rationale for cystic fibrosis

Cystic fibrosis (CF), a single-gene-recessive disorder
that affects 60,000 individuals worldwide, is an ideal
model for the identification and characterization of
factors that cause disease variation.* First, the un-
fortunate high prevalence of CF provides a large
number of accessible patients to perform detailed
phenotypic analyses necessary to identify modi-
fier genes in humans. Second, the commonness of
CF and its monogenic etiology enable family-based
studies to dissect genetic and nongenetic influences
upon disease variation. Third, the diagnosis of CF
can be confirmed using an objective laboratory mea-
sure: the sweat chloride concentration assay. In the
vast majority of CF patients, chloride levels in the
sweat are raised well beyond the distribution of val-
ues observed in the normal and CF carrier popula-
tion, thereby distinguishing the disease from other
conditions with similar features.®

Patients with CF manifest disease in the lungs,
pancreas, intestine, liver, male reproductive tract,
and sweat gland.® CFTR, the dysfunctional protein
in CF patients, conducts chloride across the apical
membranes of polarized epithelia.” Loss of CFTR
function affects the transport of chloride, sodium,
and water across epithelial tissues, leading to inad-
equate hydration of mucous secretions of CF pa-
tients. Obstruction of luminal space follows, and
recurrent cycles of inflammation and fibrosis ulti-
mately destroys affected organs.®® Obstruction of
the exocrine pancreas causes intestinal malabsorp-
tion and an abnormal nutritional status in almost
all CF patients. Obstructive lung disease is the cause
of death in almost 90% of patients.’

As noted above, the large number of families
with multiple affected offspring facilitated iden-
tification of the CF transmembrane conductance
regulator (CFTR) gene, an early and remarkable
success in positional cloning. The identification of
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CFTR provided immense insight into the molecu-
lar pathophysiology of CE. A network of research
labs that joined to form the CF Genetic Analysis
Consortium has identified over 1,800 mutations in
CFTR (http://www.genet.sickkids.on.ca/cftr/app).
One mutation, a deletion of three nucleotides
causing the loss of a phenylalanine at codon 508
(p-Phe508del), accounts for approximately 70% of
CF alleles in Caucasian patients.!” CF patients ho-
mozygous for p.Phe508del constitute the most com-
mon CFTR genotype (about 50% of patients, desig-
nated as F508del homozygotes from here on), and,
as such, have served as a reference population for
genotype/phenotype correlations.!! There is also a
group of 15-20 less common mutations account-
ing for 15% of CF alleles in Caucasians.!® A study
of the effect of a number of less common mu-
tations upon phenotype demonstrated that allelic
variation in CFTR accounts for only a portion of
phenotypic variability.!! CFTR genotype is highly
correlated with preservation of some function of
the exocrine pancreas (termed “pancreatic suffi-
ciency”). Furthermore, sweat chloride levels tend
to be less elevated in patients with CFTR geno-
types associated with preserved pancreatic func-
tion than in those with pancreatic insufficiency.!!:12
To date, minimal correlation has been found be-
tween CFTR genotype and severity of lung dis-
ease, the major cause of mortality for CF pa-
tients.!>!* These observations prompted a search for
the causes of disease variation independent of CFTR
genotype.

Evidence for, and quantification of, genetic
modifier role for CF traits

Before embarking upon a search for genetic modi-
fiers, it is important to consider the importance of
nongenetic contributions to a phenotype. In the
case of CF, the impressive increase in mean years
of survival from less than 1 year to the upper 30s
currently is attributable almost exclusively to the
treatments devised for these patients. From that per-
spective, environmentally mediated factors have a
profound effect on disease variability. Specific treat-
ments such as pancreatic enzyme supplementation,
nutritional support, and vitamin supplementation
have modified CF from a disease of malnutrition
and early childhood demise to a disorder marked
by respiratory compromise beginning in childhood
and progressing into mid-adulthood.® Extension of
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longevity has also exposed dysfunction of the en-
docrine pancreas that manifests as diabetes.!> On
the other hand, treatment does not appear to have
altered the prevalence of complications that oc-
cur in the newborn period (e.g., neonatal intestinal
obstruction or meconium ileus) or early to mid-
childhood (e.g., hepatic cirrhosis).’

Lung disease
A variety of measures have been devised to assess
severity of lung disease in CF patients, and the
most useful objective gauge is based on airflow. Pul-
monary function testing is widely used, and meth-
ods for assessing ventilatory capacity and airflow
rates are standardized. The forced expiratory vol-
ume in 1 sec (FEV) is an excellent measure of small
and large airway obstruction, the major site of dis-
ease in CF lungs. Furthermore, FEV; can track pro-
gression of obstruction and is well correlated with
survival.'® This lung function measure is highly
variable among CF patients with identical CFTR
genotypes (e.g., F508del homozygotes).!” With the
exception of a few mutations that confer a milder
pancreatic phenotype (e.g., p.Arg455Glu'®!?), cor-
relation between different CFTR genotypes associ-
ated with pancreatic insufficiency and lung function
measures is minimal. The small numbers of pa-
tients with genotypes other than F508del ho-
mozygosity and the high degree of variability
among patients with the same CFTR genotype
may preclude observation of correlation.!! In-
deed, preliminary analysis of nearly 40,000 pa-
tients in the CFTR2 database reveals low cor-
relation between CFTR mutations and FEV;
(P. Sosnay, personal communication). Together,
these studies indicate that factors other than CFTR
genotype determine progression of airway obstruc-
tion in CE

To parse genetic and nongenetic contributions
to disease severity and complications, investigators
have used family-based studies. Recurrence of com-
plications in affected siblings at rates higher than in
unrelated patients suggests genetic effect, although
care must be taken to account for the effect of shared
environment. A more powerful approach is to com-
pare monozygous (MZ) and dizygous (DZ) twin
pairs for concordance for qualitative traits and cor-
relation for quantitative traits. Twin pairs raised to-
gether in the same household are controlled, to some
degree, for environmental exposures. One then ex-
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ploits the different rates of overall sharing of genetic
variation between MZ pairs (100%) and DZ pairs
(50%) to estimate genetic control. When MZ pairs
demonstrate higher concordance (or correlation)
for a clinical feature than DZ pairs, then genetic
factors are assumed to be responsible.?’ The afore-
mentioned classic twin study initially proposed by
Galton and refined by Siemens has been used to
estimate the proportion of phenotype variation at-
tributable to genes (i.e., heritability or h?) for nu-
merous traits in humans.?! This method has been
adapted to estimate h* for variation in lung func-
tion and anthropometric measures and the compli-
cations of intestinal obstruction and diabetes in CF
patients (see below).

The first twin-based assessment of gene modifier
contribution to CF disease severity used a compos-
ite measure of lung function and body mass index
(BMI). A higher correlation of this composite mea-
sure was observed in 29 MZ versus 12 DZ twins pairs,
suggesting genetic control of this trait.?? Analysis of
lung function and weight for height as indepen-
dent measures did not reveal significant differences
between the MZ and DZ twin pairs. A subsequent
comparison of 38 MZ pairs with six same-sex DZ
pairs and 61 same-sex sibling pairs within 3 years of
age drawn from the North American CF Twin and
Sibling Study estimated heritability of lung func-
tion based on FEV, measurements to range from
0.54 to 1.0.” The heritability estimate was simi-
lar (0.56-0.86) when the analysis was restricted to
patients with identical CFTR genotypes (F508del
homozygotes). Variance analysis of 231 pairs of af-
fected siblings generated a slightly higher estimate
of heritability for the FEV| measures (0.68-1.0).%
Together, these studies revealed that genetic mod-
ifiers play a substantial role in determining FEV},
a key measure of lung function correlated with
survival.

Factors in the environment also contribute heav-
ily to variation in lung function in CF patients. As
might be expected from a disorder heavily mod-
ified by treatment, socioeconomic factors such as
access to care, parental income, and other factors
that may compromise optimal treatment have been
shown to have significant adverse effects on lung dis-
ease and survival.>*?> Pollutants in the air including
particulate matter and components of second-hand
smoke can adversely affect lung function in CE2%-*’
To assess the relative contribution of genetic and
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Figure 1. Relative contributions of non-CFTR genetic and
environmental factors to major manifestations of cystic fibrosis.

environmental factors to variation in FEV; among
CF patients, Collaco et al. evaluated 134 MZ twins
and 272 DZ twins and siblings when living together
and after moving apart. Differences in lung func-
tion between MZ twin pairs while living together
in the same household provided an estimate of the
contribution of unique environment and stochas-
tic effects. The transition from the home environ-
ment to independent living was used to estimate
the contribution of shared environment. Genetic
contribution was assessed by comparing the sim-
ilarity in lung function measures in MZ and DZ
twin pairs when living together, and then when
living apart. These methods revealed that genetic
and nongenetic factors had almost equal contribu-
tion to variation in lung function (Fig. 1).2® This
estimate was unchanged when the analysis was re-
stricted to twins and siblings bearing the same CFTR
genotype (F508del homozygotes). Two thirds of the
nongenetic effect could be attributed to unique en-
vironment and stochastic effects while shared envi-
ronment was responsible for the remainder (Fig. 1).
Analysis of 58 MZ twins and 568 DZ twins and
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siblings from the European CF Twin and Sibling
Study generated similar estimates for the genetic and
nongenetic contributions to lung function variance
(~60% attributable to genetic factors in all subjects
and ~50% in subjects who were F508del homozy-
gotes).”?

Exocrine pancreatic function

Pancreatic exocrine function is abnormal in almost
all patients with CE. Most patients have severe dys-
function (pancreatic insufficiency) leading to steat-
orrhea and malabsorption that manifests in the first
year of life.° As noted above, a fraction of CF pa-
tients (~10-20%) do not develop steatorrhea and
are termed “pancreatic sufficient.” CFTR genotype
is known to be highly predictive of pancreatic ex-
ocrine status.’® However, there are patients who
appear to have delayed transition to pancreatic
insufficiency suggesting a possible role for ge-
netic modifiers. Serum immunoreactive trypsino-
gen (IRT) is a pancreatic enzyme precursor that is
elevated in neonates with CF and, as such, serves as
a marker for newborn screening for CF. In young
CF patients that develop exocrine pancreatic insuf-
ficiency, IRT levels decline rapidly.’! Heritability for
variation in IRT levels was estimated in 23 sibling
pairs with CFTR genotypes associated with pancre-
atic insufficiency using variance analysis. Evidence
of genetic control was noted in patients at 2 months
of age (h* = 0.51) and at 6 months of age (0.45).%
Genetic effect could not be confirmed in older
patients.

Diabetes

Due to the successful management of CF in child-
hood, more patients are surviving into adulthood.
Asan unfortunate result additional complications of
the disease are becoming more prevalent. Dysfunc-
tion of the endocrine pancreas, generally thought
to be a consequence of the exocrine pancreatic dis-
ease, leads to loss of beta cell function and decreased
insulin secretion. Two percent of children with CF
develop diabetes, while 19% of adolescents and over
40% of adults with CF develop this complication.*
Diabetes in CF patients typically occurs in the ab-
sence of obesity and is associated with a signifi-
cantly worse prognosis.** While CF-related diabetes
(CFRD) has been viewed as a condition distinct
from diabetes seen in the general population, there
are a number of clinical and pathologic similarities
with type 1 and type 2 diabetes.*® Both type 1 and
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type 2 diabetes in the general population show ev-
idence of strong genetic control. Numerous genes
and DNA variants have been associated with each
form of diabetes.

Twin study has used to assess genetic modifier
contribution to CFRD. MZ twins displayed signif-
icantly higher rates of concordance than DZ twins
and siblings of similar age and same sex generating
an estimate of heritability approaching 1.0.%® Pedi-
gree analysis revealed that CFRD and type 2 diabetes
may have similar genetic origins. The presence of
type 2 diabetes in at least two first-degree relatives
was associated with a significantly higher prevalence
of diabetes in the CF proband (OR 3.1; P = 0.0009)
compared to the absence of a similar family history
of diabetes.’” Thus, diabetes in CF patients is quite
common, strongly determined by genetic modifiers
(Fig. 1) and appears to share some genetic basis with
type 2 diabetes in the general population.

Intestinal obstruction

Obstruction of the intestine by abnormal meconium
in the neonatal period is a characteristic sign of
CF. The condition, termed “meconium ileus” (MI),
affects about 15% of newborns with CE® While
formally lethal, modern treatments consisting of
enemas and/or surgery have reduced mortality to
less than 10%.°® CFTR genotype appears to make a
sizable contribution to risk as patients bearing the
missense mutation p.Gly551Asp are at considerably
lower risk (6.4%) than p.Phe508del homozygotes
(19.5%),%® while patients carrying the nonsense mu-
tation p.Gly542X may be at higher risk.** However,
genetic modifiers make an important contribution
as noted by two observations: (1) recurrence risk
for MI in affected siblings (25%) is significantly
higher than in unrelated CF patients (15%)* and
(2) rates of intestinal obstruction in mouse models
of CF differ by strain (i.e., genetic background).*!
Intriguingly, neonatal intestinal obstruction that is
anatomically and temporally similar to humans oc-
curs with a prevalence of 100% in a porcine model
of CF*? and 75% in a ferret model of CE* Thus,
it appears that humans may have genetic modifiers
that protect from this complication.

Twins and sibling analysis has been used to esti-
mate heritability of MI, and a similar phenotype ob-
served in older CF patients termed “distal intestinal
obstruction syndrome” (DIOS). Blackman and col-
leagues noted that concordance for MI in MZ twin
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pairs (82%) was significantly higher than in DZ and
siblings of similar age and sex (22%; P = 0.009)
suggesting that heritability for MI approaches 1.0
(Fig. 1). Nongenetic factors must play some role as
concordance is not 100% in MZ twins. On the other
hand, DIOS showed no differences in concordance
rates among MZ and DZ twins and siblings indicat-
ing little, if any, genetic modifier effect.®’ The latter
observation is notable as DIOS was formally termed
MI equivalent due to anatomic and pathologic sim-
ilarities to the neonatal condition.

The intestinal and pancreatic disease in CF leads
to substantial disruptions in growth manifesting
as short stature and low weight. Aggressive nutri-
tional supplementation has improved both param-
eters, but chronic illness also affects patients’ entry
into puberty. Thus, the use of growth metrics such
as BMI or percent of predicted weight for height
(WfH%) that have been standardized in healthy in-
dividuals presents a challenge for assessing nutri-
tional status in CF. Preliminary analysis of “aver-
age” BMI displays moderate heritability (~0.6).*
Genetic control is also noted when BMI measures
from select ages are used to avoid confounding by
effects of the underlying disease process. Initial anal-
ysis of WfH% by the European CF Twin and Sibling
Study demonstrated that intrapair discordance for
this measure was similar between 29 MZ and 12 DZ
twin pairs.”> However, this issue was recently revis-
ited, and a significant trend was noted when com-
paring intrapair differences in WfH% in 38 MZ, 24
DZ and 396 sibling pairs. Modeling of these three
classes of CF siblings estimated that genetic factors
account for ~80% of variation in WfH% in 466 re-
lated patients (~60% in F508del homozygotes).?’
Thus, anthropometric measures also appear to be
under genetic control in CF patients. Further study
is needed to assess the degree to which height and
weight independently contribute to the heritability
of these composite measures.

Other traits

The secretion of chloride via CFTR and other path-
ways across epithelial tissues has been studied in
twin and sibling pairs. MZ twins were found to have
higher rates of concordance (5 of 5 pairs) for the
presence of cAMP-mediated chloride conductance
in intestinal epithelia than DZ twins (9 of 15 pairs).
Furthermore, alternative modes of chloride conduc-
tance were also more concordant in MZ versus DZ
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pairs.* In a companion study, MZ twins (six pairs)
displayed greater concordance for baseline poten-
tial difference measurements across nasal epithelia
than five sets of DZ twin pairs.*® The latter generally
measures the rate of sodium transport across the
respiratory epithelia.*” Concordance for other mea-
surements that reflect chloride conductance (e.g.,
chloride-free solutions and isoproteronol response)
across the nasal epithelia did not differ between MZ
and DZ twins.*® Abnormal ion transport abnormal-
ity in the sweat gland dysfunction is a characteristic
finding of CF. Sweat chloride concentration shows
a moderate degree of correlation with CFTR mu-
tations grouped by pancreatic status (i.e., PI versus
PS*). However, preliminary analysis of twins and
siblings has not shown evidence of genetic effect
beyond CFTR (Blackman, S. and G.R. Cutting, un-
published observations).

Liver disease is a common problem for CF pa-
tients due to obstruction of the common bile duct.
A minor fraction (~3-5%) of patients develop se-
vere hepatic cirrhosis and portal hypertension.® The
occurrence of this complication in younger patients
suggests that severe liver disease is not merely a com-
plication of chronic liver damage but a discrete phe-
notype that may be genetically modified.* Sibling
recurrence rates have not been extensively analyzed
with the exception of discordance for liver disease
in five sets of siblings.”® Hepatic cirrhosis is too
uncommon to derive heritability assessments us-
ing concordance analysis among the available twins
with CE

Identification of modifier genes

Intense study of the CFTR has uncovered numerous
pathways and their components that have high bi-
ologic plausibility for modifying CFE. Thus, the vast
majority of modifier gene studies for CF traits to
date have used the candidate gene approach. Test-
ing of variants of known functional effect from
carefully selected candidates is attractive for several
reasons. The number of variants tested is generally
small thereby avoiding severe penalties for multi-
ple comparisons during statistical analysis. Detailed
understanding of the candidate gene product and its
variants provides mechanistic insight and facilitates
experimental studies to evaluate modifier effects.
In some cases, compounds that target the protein
product of candidate genes may already be avail-
able for human trials. On the other hand, use of
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the candidate approach is fraught with bias due to
our very incomplete understanding of CF biology.
Since a significant association between a single gene
variant and a CF trait can be obtained with very
small differences in allele frequencies, it is essen-
tial that any association be replicated in a separate
population (preferably multiple times). The latter
approach is used extensively in genome-wide stud-
ies but is equally important in validating candidate
gene associations.

In the case of CF, dozens of candidate genes have
been evaluated, but replication has been reported
for only a fraction of published associations be-
tween variants in these genes and the same CF trait.
Of these, only a few variants have been tested in
more than 1,000 CF patients. At least nine genes can
be implicated as modifying some aspect of the CF
phenotype based on replication in two independent
studies in more than 500 patients in total (Table 1).
Since a comprehensive review of all modifier gene
studies would be beyond the scope of this review, de-
tails will be discussed only for the genes in Table 1.
Several recent publications provide detailed lists of
all of the genes that have been studied.>->1->3

Genome-wide approaches on chromosome 19
met with initial success in the localization of a region
modifying risk for neonatal intestinal obstruction
(MI).>* Although subsequent studies were unable
to replicate linkage to the MI locus (discussed in
detail below), the success of genome-wide meth-
ods using both linkage and association for com-
mon diseases has rekindled enthusiasm for these
approaches. The challenge of genome-wide meth-
ods for Mendelian diseases is to recruit sufficient
patients to attain statistical power to detect vari-
ants of relatively small effect. Studies involving tens
of thousands of patients as is becoming routine for
common conditions are not practical for monogenic
disorders, even diseases that are among the most fre-
quent such as CE. However, compelling evidence of
substantial genetic effect (i.e., heritability) for lung
disease, anthropometry and intestinal obstruction,
and diabetes justify the effort required for genome-
wide studies. Furthermore, the magnitude of the
modifier effect of variants is not known, therefore
moderate numbers of CF patients may be sufficient
to indentify significant loci. Finally, we do not know
if variants conferring modifier effects are common
or rare or some combination of both. Candidate
gene studies support both concepts as the variants in
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Table 1. Genetic modifiers of different features of cystic fibrosis®®

P. aeruginosa

Pulmonary Acquisition/ Intestinal
Gene Function (FEV,) Colonization Obstruction Diabetes Liver Disease
ADIPOR2 Possible effect®’
EDNRA  Probable effect”
IFRDI Possible effect”
IL8 Possible effect”
MBL2 Probable effect®6276470:9¢  Probable effect®’-70-%*
MSRA Probable effect®
SERPINAI No effect®” %>~ Likely no effect®”:%1% Possible effect*
TCE7L2 Probable effect®”
TGFBI  Probable effect®5%6%70.73.78 N effect’-727378.101 Likely no effect**10!

Probable effect: Association observed in >3 independent populations with >1000 participants in aggregate.
Possible effect: Association observed in >2 independent populations with >500 participants in aggregate.
Likely no effect: No association observed in >2 independent populations with >500 participants in aggregate.
No effect: No association observed in >3 more independent populations with >1000 participants in aggregate.
N.B.: Some studies include replication populations, which are treated as separate independent populations.

TGFb1I affecting lung function are common (~30-
50% range) while the variant in SERPINAI that in-
creases risk for hepatic cirrhosis is rare (1.2%).

Lung disease

One of first candidate modifier studies indicated
that functional variants in MBL2, the gene that en-
codes mannose binding lectin, correlate with lung
function measures (FEV; and FVC).>> At least 12
studies have evaluated the effect of null variants in
MBL2 (“O” alleles), and 6 studies involving over
2,049 CF patients have reported that MBL-deficient
genotypes (OO or AO) were associated with lower
lung function measures (Table 1). Six studies (1,948
patients) did not detect association,’**® while one
study of 109 Danish patients showed the reverse.°!
MBL was selected as a candidate due to its role in
innate immunity and evidence that MBL deficiency
results in predilection to bacterial and viral infec-
tion. As infection is a key aspect of CF lung disease,
factors that alter resistance are reasonable biologic
candidates for CE. Three studies involving 2003 CF
patients demonstrated earlier age of infection with
Pseudomonas aeruginosa (Pa) associated with MBL
deficiency genotypes (Table 1). One study of 112
Swedish patients showed earlier acquisition with
sufficient genotypes®® while five studies (943 pa-
tients) did not detect association.’~** Lung disease
severity (as measured by FEV,) and infection status

are correlated, and both are altered by the age of
the patient and by CFTR genotype. Accounting for
confounding among these related variables revealed
that MBL2 genotype was associated with infection
status rather than the other variables.®® Thus, it ap-
pears that deficiency in MBL predisposes to early
infection with Pa, which, in turn, leads to more se-
vere lung disease than observed in patients of the
same age and CFTR genotype who are not MBL
deficient.

Transforming growth factor beta 1 (TGFbI) has
been investigated numerous times for potential
modifier effect on CF. It is a compelling candidate
as TGFbI genotypes have been shown to alter risk
for other lung diseases such as asthma and chronic
obstructive pulmonary disease.®>%” Furthermore,
TGFBI1 plays a key role in processes central to CF
lung pathophysiology, such as regulation of inflam-
mation and tissue remodeling.®® One of the largest
CF genetic modifier studies to date, the Genetic
Modifier Study (GMS) analyzed 808 F508del ho-
mozygotes drawn from the extreme of lung func-
tion (highest 30 percentile and lowest 30 percentile)
and reported that alleles in the promoter (—509)
and first exon (codon 10) of TGFb1 are associated
with worse lung function.”” This finding was repli-
cated in 498 patients with various CFTR genotypes
and was independently confirmed when a haplo-
type composed of the opposite alleles at —509 and
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codon 10 were associated with improved lung func-
tion.%’ It also appears that gene and environmental
interactions are important to consider in evaluating
TGFb1, as variation in CFTR and in MBL2 as well
as exposure to second-hand smoke affect associa-
tion with CF lung function.®~"! Six studies encom-
passing over 2,500 CF patients report association
between TGFb1 and CF lung function (see Table 1)
while one study composed of 118 patients did not,”?
and another involving 171 patients’* found associ-
ation with worse lung function and the opposite
alleles than reported by Drumm et al.’” and Bremer
et al.% In aggregate, these studies indicate that alle-
les that increase TGFbI expression cause worse lung
function in CF, although definitive experiments in
patients remain to be performed.

Genome-wide methods have been used to iden-
tify loci and genes modifying CF lung disease.
In a study of 160 mild and 160 severe lung dis-
ease F508del homozygous patients drawn from the
GMS,”” Karp and colleagues were able to iden-
tify 6 candidate loci that associated with lung dis-
ease.”* These loci were prioritized using hierarchical
clustering for features such as biologic plausibility
and regional clustering of associated variants. Three
SNPs in the highest ranking gene, the interferon-
related developmental regulator 1 gene (IFRDI),
showed replication in the entire GMS sample and
demonstrated association using transmission-based
methods in the family-based CF Twin and Sib-
ling Study (TSS).?* Cell- and mouse-based studies
demonstrated that IFRDI acts via transcriptional
mechanisms to modulate neutrophil function in re-
sponse to bacterial infection.

The concept that modification of CF lung disease
may due to altered neutrophil response to infec-
tion is supported by evidence that variants in the
interleukin-8 (IL-8) gene associate with lung func-
tion.” IL-8 is a mediator of neurophil chemotaxis
and is variably and prominently elevated in the air-
way secretions of CF patients.”®”” Intriguingly, the
modifier effect of IL-8 variation may be limited to
males (n = 608). A second study of 329 patients
failed to detect association between lung function
and IL-8 variants, although analysis was not per-
formed using patients separated by sex.”® Taken to-
gether, the identification of MBL2, TGFbI, IFRDI,
and IL-8 (Table 1) suggests that genetic modifiers
may alter lung disease severity by affecting host abil-
ity to tolerate infection.

Cutting

Other mechanisms are likely to contribute to CF
lung pathology, as illustrated by evidence that vari-
ants in the endothelin receptor type A (EDNRA)
gene reproducibly associate with lung disease sever-
ity (Table 1). Association between a variant in the 3’
untranslated region of EDNRA was observed in 709
F508del homozygous patients in the GMS study and
replicated in three separate samples of CF patients
(769 combined).” Alleles of the EDNRA variant
correlated with differences in RNA transcript level,
suggesting a possible functional role.”” Given that
variation EDNRA has been implicated in vasocon-
strictive diseases due to effects on smooth muscle
function, it was speculated that this gene may mod-
ify CF lung disease by altering smooth muscle tone
in the airways and/or vasculature.”

To maximize power to detect novel CF ge-
netic modifiers using genome-wide approaches, the
GMS* and TSS* have joined forces with a CF
modifier study based in Toronto (Canadian Ge-
netics Study; CGS)”° to create the North Ameri-
can CF Gene Modifier Consortium. Three different
study designs are incorporated in the consortium:
extremes of phenotype (GMS), population based
(CGS), and family based (TSS). The former two
designs are well-suited to association methods as
used in unrelated patients with common diseases.
The family-based study can be used for both linkage
and association. Using a complementary approach,
seven loci meeting criteria for suggestive or signifi-
cantassociation at the genome level identified by the
two samples of unrelated patients (GMS and CGS)
were tested for replication in the TSS. Two sugges-
tive loci showed evidence of association in the TSS
but did not meet correction for multiple testing.
Sibling analysis revealed a prominent linkage peak
on chromosome 20.80-82

Intestinal obstruction

Obstruction of the intestine in mice with a knock-
out of the CFTR gene provided an early opportunity
to demonstrate the role of genetic modifiers. Strain-
specific effects upon the rate of obstruction and sur-
vival of CF mice illustrate that genetic background
played a significant role in the intestinal trait. By
exploiting strain differences, Rozhmahel and col-
leagues were able to map a locus for obstruction
to murine chromosome 7.%! Chromosome 19 con-
tains a region of synteny with the locus on mouse
chromosome 7. Using markers from chromosome
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19, Zielenski et al. demonstrated association with
meconium ileus in 152 sibling pairs (7 concordant
affected, 33 discordant, and 112 concordant unaf-
fected).”* Extensive analysis of the chromosome 19
region and the implicated genes failed to identify
a causative variant. Two subsequent studies of MI
performed in siblings with CF failed to find link-
age to chromosome 19. Subsequent mapping studies
have identified regions on several mouse chromo-
somes®>% as modifying the intestinal phenotype.
Other genes that mediate chloride conductance in
intestinal tissue have been evaluated in mice and
support the conclusion that these genes could mod-
ify MI in humans.®

Recent studies using patients collected by the TSS
and the CGS have uncovered regions of linkage and
association that have been replicated. Blackman and
colleagues performed a linkage study of 26 sibling
pairs with CF who were both affected with MI. As
expected, the CFTR gene was identified with high
precision, demonstrating the effectiveness of link-
age for genes of moderate to high effect size. Two
regions of suggestive linkage (LOD >2.0) were iden-
tified on chromosome 8p23.1 and 11q25.4° A sub-
sequent association analysis of the most convincing
linkage signal on 8p23.1 was performed using pa-
tients from the TSS, GMS, and CGS. Region-wide
significance was obtained in the TSS for SNP and
haplotype association that implicated the methio-
nine sulfoxide reductase (MSRA) gene. Association
between the haplotype (composed of three SNPs
with a frequency of 15%) was replicated in a subset
of patients from the GMS study and in the entire
CGS sample.® MSRA reduces oxidized methionine
residues in proteins that are relevant for intestinal
enzymes such as alpha 1 antitrypsin. Variation in
MSRA is postulated to alter digestion of intestinal
contents contributing to the formation of viscous
meconium that obstructs the intestine in CF fetuses
and newborns. In a separate study, Dorfman and
colleagues used parametric linkage methods to in-
dentify a linkage signal on chromosome 12p13.3
(HLOD 2.935). Association analysis of the linkage
region identified a SNP in the adiponectin recep-
tor 2 (ADIPOR2) gene with risk for MI in the CGS
population that replicated in the TSS sample.?” Us-
ing a similar approach, a broad region on chromo-
some 4q13 was found to protect from MI. Causative
variants have not been found in either MSRA or
ADIPOR?2, thus further evaluation of these genes
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may require functional studies. The CF mouse may
be ideal for assess how knockout or hypomorphs of
these modifier genes affect intestinal development
and function given that this animal model develops
intestinal obstruction.

Diabetes

Candidate gene studies for diabetes were informed
by the observation that diabetes in CF may share
genetic origins with type 2 diabetes.’” SNPs near
the transcription factor 7-like 2 (TCF7L2) gene®®
demonstrate the most consistent association with
type 2 diabetes with an estimated odds ratio of ~1.5
per allele.®’ Transmission testing of the most highly
associated SNP (rs7903146) in 539 families (998 pa-
tients) in the TSS revealed significant association
with risk for diabetes (P = 0.004). The association
was replicated in 802 unrelated patients from the
GMS (P = 0.02; combined P = 0.0002).%” Treat-
ment with systemic glucocorticoids, an independent
environmental risk factor for diabetes in CE*® ob-
scured the association with TCF7L2. However, risk
for diabetes associated with TCF7L2 was substan-
tially increased (HR 2.9 per allele; P = 0.00011)
when patients who had not been treated with gluco-
corticoids in the past year were analyzed.”” Together,
these observations indicate that TCF7L2 modifies
risk for diabetes in CF patients who have not had
recent or prolonged exposure to systemic steroids.
TCF7L2 is postulated to play a role in prolifera-
tion and function of the beta cells of pancreatic
islets.”’+?2 Thus, implication of TCF7L2as a modifier
of risk in CF-related diabetes suggests that factors
intrinsic to the beta cells of the pancreas contribute
to the development of this common complication
of CE.

Future directions and implications for
other monogenic disorders

The candidate gene approach has been of moder-
ate success in finding genetic modifiers of CF, and
several associations have been replicated numerous
times. These replicated modifiers account for a small
fraction of the heritable contribution to each trait
(<1%). The identification of loci and genes using
genome-wide methods appears highly promising.
The sample sizes accrued by the North American
CF Modifier Consortium (~3,500 pts) have been
sufficient to find several loci/genes responsible for
variation in lung function and for risk of MI and
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diabetes. Initial screens found at least seven loci
meeting or exceeding suggestive evidence of asso-
ciation. Thus, it is reasonable to predict that ad-
ditional modifier loci and genes, each contributing
small effect sizes, exist, and should be discoverable
with larger sample sizes. Furthermore, environmen-
tal factors are likely to work in concert with ge-
netic modifiers to amplify effect, as in the case of
TGFb1 and second-hand smoke, or diminish effect,
as noted for steroid exposure and TCF7L2. Longitu-
dinal studies of patients with single-gene disorders
are likely to be needed to identify key exposures that
contribute to gene—environment interactions. The
unfortunate chronicity of monogenic conditions re-
quires frequent medical evaluation, facilitating col-
lection of detailed exposure histories. Furthermore,
the near-universal screening for CF in newborns
provides an ideal opportunity to recruit patients for
longitudinal studies.

A primary reason to identify disease modifiers is
to inform the development of therapies and to pro-
vide accurate prediction of disease course. Achiev-
ing these goals will require characterization of the
mechanism of disease modification. One needs to
know if improvement in function is afforded by in-
creased activity of a modifier protein, or the reverse.
The availability of various mouse strains carrying
CFTR mutations associated with mild and severe
disease provides an excellent foundation for func-
tional studies and investigation of interactions be-
tween CFTR and specific modifier genes. The re-
cent development of pig and ferret models of CF
that more completely reflect human CF pathology
should be useful for therapy evaluation.**** Prog-
nostication will be useful when the effect of genetic
and nongenetic factors can be combined to accu-
rately estimate a meaningful change in outcome.
The latter may likely require prospective studies in
sizable patient cohorts.

The experience in CF modifier research holds
some useful insight for other single gene disor-
ders. The importance of consistent phenotype mea-
sures and complementary study designs cannot be
overemphasized. Family studies can help estimate
the contribution of genetic and nongenetic factors.
Sibling analysis should be considered if sufficient
twins are not available for statistically robust con-
cordance/correlation analyses. By their very nature,
Mendelian studies lend themselves to recruitment
of families that can be employed in linkage and as-
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sociation studies. Genotyping of parents provides
accurate assessment of descent in linkage analysis
and enables transmission disequilibrium methods.
Ascertaining unrelated patients from the across the
severity spectrum is essential for identification and
replication studies using by association tools. Fi-
nally, recruitment of singleton patients is facilitated
by their Mendelian condition as they can be verified
to have disease due to the same etiologic factor.
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