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Cystic fibrosis heterozygosity: Carrier state

or haploinsufficiency?

David Fisman®’

Cystic fibrosis (CF) is a common genetic disorder,
caused by mutation in the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene. The CFTR
gene encodes a transmembrane chloride channel,
which is important for key physiological functions,
such as production of sweat and mucus, as well as
mucociliary clearance in the lungs (1). Affected indi-
viduals are homozygous for mutated copies of CFTR
and are at elevated risk for a variety of diseases,
including bronchiectasis and repeated pulmonary
infection; gastrointestinal disorders, including mal-
absorption and nutritional deficiency states; and
pancreatitis and diseases of the hepatobiliary system
(1). While management of CF has improved drasti-
cally in recent decades, individuals with CF experience
reduced life expectancy relative to the general popula-
tion (2). The prevalence of carrier state of mutated
CFTR genes is high [greater than 3% in some subpop-
ulations (3)], leading to the suggestion that the carrier
state must be positively selected for due to positive
health effects, analogous to protection against malaria
conferred by carrier states in sickle cell anemia (4, 5).
CF has been regarded as a classical autosomal
recessive disorder, with no adverse health effects
associated with the carrier state. | use the past tense,
because in PNAS Miller et al. (6) provide convincing
evidence that CF heterozygosity may represent a
haploinsufficiency state, analogous to that seen with
thalassemia, where individuals with a single copy of
the disease-causing allele do suffer adverse health
effects, presumably due to production of the gene’s
product at lower levels than would be seen in noncarriers.
Beta-thalassemia is an autosomal recessive disorder of
hemoglobin, but the carrier state is often characterized
as “thalassemia minor” with individuals experiencing
anemia that is less severe than homozygotes (who ex-
perience thalassemia major or thalassemia intermedia)
(7). The contrast with CF relates to the multisystemic na-
ture of CF, and the numerous disease states linked to CF,
compared to beta-thalassemia as a hematological disease.
Miller et al. (6) were able to link genetic testing
information to diagnostic codes using a very large,

commercial health analytics database built on insur-
ance claims data [the Truven Marketscan Database
(8)]. They evaluated the risk of 59 diseases that occur
with higher frequency in individuals with cystic fibrosis
in a cohort of 19,802 CF carriers matched by age, gen-
der, and duration of enrollment to 99,010 controls. Re-
markably, they found that individuals with the CF carrier
state were at significantly increased risk of nearly all of
the diseases evaluated (57/59). In a second analysis,
they calculated odds ratios for the same 59 diseases
in individuals with CF compared to matched controls
and found strong correlation in odds ratios (OR) for
disease states between CF carriers and individuals with
CF. In other words, the higher the OR of the disease in
individuals with CF, the higher the OR in CF carriers.

Their results were robust when restricted to individ-
uals who might be presumed not to have undergone CF
genetic testing (mothers of CF cases during the time
period prior to the pregnancy) and also when they
removed individuals in whom CF genetic testing might
have been performed due to occurrence of a disease
that suggested underlying CF. They also performed
simulations to determine whether false discovery might
explain their results and found this unlikely to be the
case. Their results have important implications not
only for how CF is conceptualized, but also for the
potential burden of disease associated with the CF
gene at the population level. The study also raises
important ethical questions related to how we use
the ever-increasing volume of electronic clinical records
linked to genetic (or genomic) data.

In Miller et al.’s (6) study, the relative elevations in
risk of CF-linked disease states are lower in carriers
than in individuals with CF, but as Miller et al. (6) note,
the high prevalence of CFTR mutation heterozygosity
in the general population means that any elevation in
risk has important implications for burden of disease.
To understand this, we need to explore the concept of
attributable risk or the etiological fraction of disease
due to a particular cause (in this case either CF carrier
state or CF disease). Epidemiologists typically consider
two different types of attributable risk: attributable
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Fig. 1. Bar graph illustrating the difference in attributable risk percent (Left) and population-attributable risk percent (Right) for individuals

heterozygous (light gray) and homozygous (dark gray) for mutated CFTR alleles, for selected CF-linked diseases. It can be seen that attributable risk
for a given disease is higher in those with cystic fibrosis than in CF gene carriers. However, because of the higher prevalence of CFTR heterozygosity
than homozygosity, the PAR% for these diseases is higher (generally, far higher) for CF gene carriers than for those with cystic fibrosis. An exception
is bronchiectasis, where an extraordinarily high odds ratio in those with cystic fibrosis (~920) results in similar PAR% estimates (12% for CF carriers vs.

9% for individuals with cystic fibrosis). Data for this bar graph are derived from Miller et al. (6). Prevalence estimates are as noted in the text.

risk percent among exposed individuals (AR%) and population-
attributable risk percent (PAR%) (9). AR% represents the fraction
of disease in exposed individuals that is due to their exposure,
as opposed to background risk.

For example, in the study of Miller et al. (6), the OR for acute
pancreatitis in CF carriers is 2.5. Assuming the disease is rare, such
that the OR approximates a relative risk (9), and confronted with a CF
carrier with acute pancreatitis, we would say that the AR% for this
individual is (OR — 1)/OR, which is (2.5 — 1)/2.5 or 60% (9). This ap-
proach acknowledges that there is baseline risk of acute pancreatitis
even in the absence of CF carrier state and considers only risk to the
individual. The OR for acute pancreatitis is much higher in those with
CF [around 13 in Miller et al. (6)], so the AR% for CF in an indi-
vidual with CF and pancreatitis would be (13 — 1)/13 or 92%.

By contrast, PAR% considers both prevalence of exposure in
the population and relative elevation of risk and serves as an
estimate of total population-level disease burden that could be
modified by eliminating risk. Again, assuming OR approximates a
relative risk, we can estimate PAR% as [pe(OR — 1))/[pe(OR — 1) + 1],
where pe is the prevalence of exposure (9). If prevalence of mu-
tated CFTR heterozygosity in the population is 3% (3), the PAR%
for pancreatitis is ~4%. In 1990, it was estimated that there were
30,000 individuals with CF living in the United States (10), at a time
when the US population was 250 million persons. Thus, the

prevalence of CF would have been ~12/1,000,000 at that time.
Based on this prevalence, the PAR% for CF is only 0.1% or
1/40th of that attributable to CF carrier state. | explore this idea
further in Fig. 1.

In addition to forcing us to rethink the relationship between CF
heterozygosity and burden of disease, Miller et al.’s (6) study should
flag the emerging likelihood that common genetic variants will be
linked to elevated risk of disease occurrence, as genetic testing data,
and genomic sequencing data, become more widely available. Are
we at risk for pathologizing widespread and important genetic vari-
ation within human populations? Will existing legislation that forbids
stigmatization by insurers and employers, based on genetic informa-
tion, prove sufficiently robust to protect carriers (11)? Could fear of
stigma result in a decline in preconception genetic testing and un-
dermine efforts to prevent CF? These questions are critically impor-
tant for, but transcend, CF. The rapid growth in availability of genetic
and genomic information means that we will come to see disease
pathways more clearly, and differently, in the near future. We need a
firm ethical footing to be able to handle this new knowledge.
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