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What the Genetics “RTEL”ing Us about Telomeres and
Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) and the related
idiopathic interstitial pneumonias remain some of the
most devastating disorders in medicine. As many as one
in five patients with IPF report an affected family member;
this clustering in families has given promise for understanding
IPF’s root genetic cause with the hope of advancing its
treatment. Mutations in two surfactant genes, SFTPC and
SFTPA2, are found in 1 to 2% of families (1), supporting
a role for epithelial dysfunction in at least this subset. In 2007,
mutations in genes encoding the telomerase enzyme were
found in up to 15% of families with pulmonary fibrosis (PF)
(2). Telomerase has two essential components, and mutations
in TERT, the telomerase reverse transcriptase, and TR, the
telomerase RNA, explain the inheritance in the largest subset of
cases. Mutations in the telomerase component, DKC1, and the
telomere binding protein, TINF2, account for another 1 to 2% of
cases (Figure 1A) (3, 4). Relevant to clinical practice, patients
with telomere-mediated lung disease are at risk for syndromic
comorbidities such as bone marrow failure, liver disease,
and enteropathy (2). In the lung transplant setting, decreased
bone marrow reserves frequently complicate the clinical course
because of prolonged cytopenias related to immunosuppression
(5). Even in the absence of mutations in these four genes,
familial PF may be associated with short telomeres, suggesting
other genes important for telomere function may explain the
remaining susceptibility (2).

In this issue of the Journal, Cogan and colleagues (pp.
646–655) add to this evolving story (6). They report mutations in
the regulator of telomere length 1 gene, RTEL1, in familial PF. The
authors analyzed exome sequence data from 25 families. They then
used controls of convenience from the 1,000 Genome and Exome
Sequencing Project databases to ensure identifying rare variants.
They examined shared rare variants within families while

prioritizing those in telomere genes. In one large autosomal
dominant family, they identified heterozygous RTEL1 mutations
that segregated with PF. Through a multi-institutional collaborative
effort, they screened 163 additional cases by exome sequencing
and found 4.7% of probands carried rare RTEL1 variants that
also segregated with the PF phenotype. In some cases, telomere
length was documented to be short, similar to telomerase mutation
carriers. These findings identify RTEL1 as a fifth telomere gene
in familial PF (Figure 1A).

Mutations in RTEL1 were initially identified in pediatric
telomere syndromes (7–9). These children generally present
with telomere-mediated disease before age 10 years and are often
diagnosed with Hoyeraal-Hreidarsson syndrome, a rare disorder
characterized by cerebellar hypoplasia, developmental delay, and
a propensity to bone marrow failure. In contrast to the cases
in the study by Cogan and colleagues, in whom heterozygous
RTEL1 mutations were found, children with pediatric telomere
syndromes carry two mutant alleles of RTEL1 (Figure 1B).
These observations point to a dosage effect, wherein heterozygous
mutations predispose to adult-onset disease, whereas biallelic
mutation carriers manifest in early childhood. The dosage of
RTEL1 likely causes variable degrees of telomere shortening,
with the pulmonary fibrosis phenotype reflecting milder telomere
defects (2). Interestingly, in earlier reports of children with
Hoyeraal-Hreidarsson syndrome, there were no documented
cases of lung disease in the parents. Because these parents carry
heterozygous mutations similar to the ones reported in the
accompanying study (Figure 1B), this observation suggests either
these mutations are incompletely penetrant (i.e., not all carriers
develop disease) or that these individuals may be at risk for PF
as they age. More work will be needed to determine the clinical
significance of heterozygous RTEL1 variants in asymptomatic
individuals.
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RTEL1 was first discovered as a regulator of telomere
length in mice (10). It is an essential helicase related to a family
of proteins that unwind G-rich DNA secondary structures.
Human RTEL1 encodes four isoforms, but only the longest
isoform includes all the reported mutations (Figure 1B). The
most common mutations clearly disrupt RTEL1 stability
(i.e., nonsense, splice-altering, frameshift). There are also
missense and short in-frame deletions, but their consequences
on protein function are less clear. The latter mutations fall in
conserved as well as uncharacterized domains (Figure 1B).
Even though RTEL1 is known to regulate telomere length, the
exact mechanism by which specific mutations cause telomere
shortening is the topic of ongoing research. One proposed
hypothesis is that RTEL1’s helicase activity facilitates DNA
replication through G-rich sequences at the telomere. Failure
to resolve these secondary structures may result in the
accumulation of extrachromosomal telomeric DNA known
as “T-circles,” which were seen in some, but not all, mutation
carriers in this study.

The work by Cogan and colleagues raises important questions.
For example, are some of the patients who carry RTEL1 mutations
susceptible to telomere syndrome complications such as bone
marrow failure? Based on what we know so far about these
disorders, one would expect that would be the case in a subset.
Another important question is how to interpret the significance

of RTEL1 variants in clinical settings. Clinical evaluation of TERT,
TR, DKC1, and TINF2 may be offered after genetic counseling to
determine disease risk. However, in contrast to these genes, RTEL1
has a highly variable sequence, and there are many rare variants in
control populations that would have satisfied the filtering criteria
used by Cogan and colleagues. However, as the authors found, not
all rare RTEL1 variants segregate with the PF phenotype, suggesting
they are likely benign and may not affect disease risk (Figure 1B).
The strength of the accompanying study is that the authors tested
segregation of RTEL1 variants in large, multigeneration families.
Such evidence may not be readily available at the bedside when
interpreting the significance of sequence changes in a single patient
or in a small family. Robust functional assays and careful catalogs
of nonsegregating RTEL1 variants and rare polymorphisms (such
as the Telomerase Database [www.telomerase.asu.edu]) will be
needed before the interpretation of RTEL1 sequence data can be
fully used in a clinical setting.

Telomere dysfunction causes stem cell failure in the bone
marrow and has been linked to alveolar epithelial senescence in
the lung (2). It may be that the telomere-mediated PF phenotype
represents a regenerative defect. A deeper understanding of
this biology will be needed before genetic clues can be translated
to targeted therapies. The evidence is clear, however, that telomere
dysfunction underlies PF susceptibility in a sizable portion of cases.
There is also evidence that telomeres will shed light on the
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Figure 1. (A) Schematic depicting telomere genes found to be mutated in pulmonary fibrosis and their role at the telomere. Dyskerin is encoded by DKC1,
and TIN2 is encoded by TINF2. (B) Map of regulator of telomere length 1 (RTEL1) mutations and variants relative to predicted conserved domains.
The 1,300-amino-acid isoform is the longest curated isoform in the National Center for Biotechnology Information Reference Sequences (RefSeq).
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genetics of lung disease beyond PF. Telomerase mutations were
recently linked to emphysema/chronic obstructive pulmonary
disease susceptibility; their frequency rivals that of a1-antitrypsin
deficiency (11). The accompanying study is another step forward
and represents the dedicated efforts of many families who
volunteered for research with the hope they can pave a path for
generations to come. n
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Can Particulate Pollution Affect Lung Function in Healthy Adults?

By almost any measure, the Clean Air Act and its amendments
have to be considered one of the most significant and arguably
successful pieces of environmental legislation in modern
times (1). Air quality has improved significantly since its
passage, and continues to do so. The levels of fine particulate
matter (PM2.5) and the larger coarse particle (PM10) have both
declined by a third nationally, going from 2000 to 2013 (2).
Because these pollutants have been implicated in respiratory
and cardiac diseases, this is thought to have resulted in
significant health benefits, with more than one study associating
reduced air pollution with increased life expectancy (3, 4).
Despite these improvements, more than 46 million people
still live in areas where the annual average level of particle
pollution is considered unhealthful (5).

In this issue of the Journal, Rice and colleagues (pp. 656–664)
report that even healthy adults may benefit from cleaner air (6).

The study shows that the lung function of middle-aged men and
women may also be reduced by long-term exposure to air pollution
or traffic. Using the Framingham Offspring and Third Generation
cohorts based in Massachusetts, the authors show that those
individuals residing near a major road or in areas with higher
PM2.5 levels have lower average FEV1 and FVC. In addition,
the natural decline in lung function with age also appeared to
be accelerated in those people. No association between long-term
air pollution and FEV1/FVC ratio was apparent, so the authors
conclude that the effects are not associated with airflow
obstruction. The findings on lung decline complement previous
longitudinal studies in children living in Southern California,
where PM2.5 reduced lung function growth between the ages of
10 and 18 years, the age where rapid lung development normally
occurs (7). Similar associations between air pollution and deficits
in lung function growth have now been seen in schoolchildren
in Mexico City (8), China (9), and Europe (10).

As noted by the authors, few previous studies have examined
whether long-term exposure to ambient particle pollution can cause
lung function decline in the general adult population. The main
evidence we have before this study comes from the SAPALDIA
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